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Summary 
Genes encode proteins by providing a sequence of nucleotides that is 
translated into a sequence of amino acids. The sequence of amino acids is known as 
the primary structure of the protein. However, in order to ftinction correctly, this 
amino acid chain must fold up into a complex three-dimensional shape. Protein 
folding involves the formation of lo'cal structural motifs such as helices and sheets 
(secondary structures) and the coalescence of these individual structures into an 
overall three-dimensional configuration (tertiary structure). Protein structure is 
essential for correct function because it allows molecular recognition. For example, 
enzymes are proteins that catalyse biochemical reactions. The function of an enzyme 
relies on the structure of its active site, a cavity in the protein with a shape and size 
that enable it to fit the intended substrate very snugly. It also has the correct chemical 
properties to bind the substrate efficiently. The active site also contains certain amino 
acids that are involved in the chemical reaction catalysed by the enzyme. 
The folding of proteins into their compact three-dimensional structures is the 
most fundamental and universal example of biological self-assembly; understanding 
this complex process will therefore provide a unique insight into the way in which 
evolutionary selection has influenced the properties of a molecular system for 
functional advantage. Once regarded as a grand challenge, protein folding has seen 
much progress in recent years. Protein folding pathways are of great interest not only 
in themselves, but also because understanding them is important for both protein 
structure predictions and for de novo protein design. Protein misfolding is a 
ubiquitous phenomenon associated with a wide range of diseases. Aggregation of 
misfolded proteins that escape the cellular quality-control mechanisms is a common 
feature of a wide range of highly debilitating and increasingly prevalent diseases. To 
assess protein structural perturbations, structures are usually compared in a detailed 
way, by looking at the secondary and tertiary structures. This approach is mandatory 
because it leads to explain how modifications have changed the structure and function 
of a protein. 
Proteins are biologically active macromolecules. Serpins, which inhibit the 
serine proteinase, fiinctions to regulate coagulation and fibrinolysis, provides a system 
to address the protein folding problem. At pH 2, ovalbumin, a non-inhibitory member 
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of the serpin superfamily, retains native like secondary structure as seen by far-UV 
CD and FTIR but lacks well defined tertiary structure as seen by the fluorescence and 
near-UV CD spectra. Addition of 20 mM Trifluoroacetic acid (TFA) or 30 mM 
Tricholoroacetic acid (TCA) on acid-induced state results in protein aggregation. This 
aggregated state possesses extensive P-sheet structure as revealed by far-UV CD and 
FTIR spectroscopy. Furthermore, the aggregates exhibit decrease ANS fluorescence 
and increased thioflavin T fluorescence. The presence of aggregates was confirmed by 
size exclusion chromatography. Such a formation of (3-sheet structure is found in the 
amyloid of a number of neurological diseases such as Alzheimer's and scrapie. 
Ovalbumin at low pH, in the presence of K2SO4 exists in partially folded state 
characterized by native-like secondary structure and tertiary folds. 
The interaction of reducing carbohydrates with proteins leads to a cascade of 
reactions that are known as glycation or Maillard reactions that results in the 
formation of advanced glycation end products. The impact of incubation with various 
sugars for four weeks on the behaviour of human serum albumin was studied by using 
CD, fluorescence, UV-Vis spectrophotometry and polyacrylairiide gel electrophoresis. 
Three weeks of incubation of human serum albumin with sugars resulted in the 
formation of an intermediate state with negative CD peaks at 222 and 208 nm 
characteristic of a-helix. The form also retained tertiary contacts but with altered 
tryptophan environment and high ANS binding indicative of molten globule state. 
Further incubation of human serum albumin for four weeks resulted in the formation 
of an intermediate form with negative CD peak at 217 nm, characteristic of P-sheet, 
decreased ANS fluorescence and increased thioflavin T fluorescence characteristic of 
an aggregated state. Prolonged exposure of human serum albumin to reducing sugars 
thus exerts deleterious effects on its structure and results in the formation of 
aggregates. 
Glycation has several pathological effects on human body. It leads to several 
diseases such as renal failure, diabetic nephropathy, retinopathy etc. as well as 
damages to non-structural proteins such as enzymes and serum proteins. Various 
proteins such as collagen, myelin basic protein, lens crystallin, LDL as well as 
hemoglobin become glycated in diabetes. The effect of nonenzymatic glycation on the 
structural changes of GOD was studied. This study investigates the effect of pentose 
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sugars (ribose and arabinose) on the structural and chemical modifications in glucose 
oxidase (GOD) as well as genotoxic potential of this modified form. An intermediate 
state of GOD was observed on day 12 of incubation having CD minima peaks at 222 
and 208 nm, characteristic of a-helix and a few tertiary contacts with altered 
tryptophan environment and high ANS binding. All these features indicate the 
existence of molten globule state of the GOD with ribose and arabinose at day 12. 
GOD at day 15 of incubation forms P structures as revealed by CD and FTIR which 
may be due to its aggregation. Furthermore, GOD at day 15 showed a remarkable 
increase in thioflavin T fluorescence at 485 nm. Comet assay of lymphocytes and 
plasmid nicking assay in presence of glycated GOD shows DNA damage which 
confirmed the genotoxicity of advance glycated end products. Hence, our study 
suggests that glycated GOD results in the formation of aggregates, and the advanced 
glycated end products, which are genotoxic in nature. 
It is a universal rule of materials in biology that a material is always covered 
by proteins immediately upon contact with a physiological environment and this 
phenomenon will also be a key to understanding much of the bionanoscience world. 
The importance of the adsorbed protein layer in mediating interactions with living 
systems has been slower to emerge in the case of nanoparticles-protein interactions. 
The importance of the detailed structure of the adsorbed protein has not yet been 
widely appreciated in the nanotoxicology, despite the fact that this is the primary 
surface in contact with cells. Concanavalin A (Con A) was immobilized on the 
surface of hexagonal zinc oxide (ZnO) nanoparticles. Atomic force microscopy, X-ray 
diffraction and scanning electron microscopy, showed clear binding of Con A on the 
surface of ZnO nanoparticles. The linking of amino giroups of Con A with ZnO 
nanoparticles was further confirmed by fourier transform infrared spectroscopy. pH 
dependence studies by fluorimetry showed visible changes in Con A coated on 
nanoparticles in contrast to native Con A. The Con A coated ZnO nanoparticles did 
not cause any significant damage to whole cell DNA or plasmid DNA. Interestingly, 
Con A coated nanoparticles retained the agglutination activity that is indicative of 
their potential application in detection of neoplastic and virus transformed cells. 
The ability of nanoparticles to influence protein folding and aggregation is 
interesting, not only because of the potential beneficial applications, but also the 
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potential risks to human health and the environment. The interactions of Con A with 
ZnO nanoparticles were investigated by using fluorescence, fourier transform infrared 
spectroscopy and circular dichroism (CD) techniques. ANS fluorescence and CD 
spectroscopy authenticated the formation of molten globule state of unadsorbed Con 
A after its incubation with ZnO nanoparticles for 36 hr. Further incubation of 48 hr 
resulted in the aggregation of unadsorbed Con A, proved by decrease in ANS 
fluorescence while an increase in thioflavin T fluorescence, characteristic of an 
aggregated state. Moreover, Fourier transform-infrared spectroscopy confirmed the 
aggregation of unadsorbed Con A. The aggregated products were negligible genotoxic 
as analyzed by pUC19 plasmid degradation and comet assay. It is clear that ZnO 
nanoparticles morphology affect unadsorbed proteins structure. A better 
understanding of these differences will be essential to engineer fully ftinctional 
nanobioconjugates and nanoparticles which do not damage the proteins present in the 
biological system. 
This thesis is used for developing understanding of misfolding and 
aggregation to find effective strategies for combating these increasingly common and 
highly debilitating protein misfolding diseases. An understanding of protein folding is 
important for the analysis of many events involved in cellular regulation, the design of 
proteins with novel fiinctions, utilization of sequence information from the various 
genome projects and the development of novel therapeutic strategies for treating or 
preventing debilitating human diseases that are associated with the failure of proteins 
to fold correctly. The fundamental principles of protein folding have practical 
applications in the exploitation of advances in genomic research. This study helps in 
understanding of protein aggregation in vitro that presents several challenges that 
remain to be addressed and several frindamental questions about structural 
determinants of aggregates and toxicity and the mechanisms of aggregate-induced 
toxicity. 
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Chapter I 
1.1. Introduction 
Proteins are involved in virtually every biological process and their fiinctions 
range from catalysis of chemical reactions to maintenance of the electrochemical 
potential across cell membranes. They are synthesized on ribosomes as Hnear chain of 
amino acids in a specific manner from information encoded within the cellular DNA. 
The amino acid sequences of fiinctional proteins contain all the information necessary 
to specify the folds (Socolich et al. 2005, Pappu & Nussinov 2009). The manner in 
which a newly synthesized chain of amino acids transforms itself into a perfectly 
folded protein depends both on the intrinsic properties of the amino-acid sequence and 
on multiple contributing influences from the crowded cellular milieu. To be 
functionally active, it is necessary for these chains to fold into the unique native three 
dimensional structures that are characteristic for each protein. This complex molecular 
recognition structure would require an almost infinite length of time. It depends on the 
co-operative action of many relatively weak nonbonding interactions. As the number 
of possible conformations for a polypeptide chain is astronomically large, a 
systematic search for the native (lowest energy), has been made significant progress 
towards solving this paradox and understanding the mechanism of folding. This has 
come through advances in experimental strategies for following the folding reactions 
of proteins in the laboratory with biophysical techniques, and through progress in 
theoretical approaches that simulate the folding process with simplified models 
(Dobson et al. 1998, Kamerlin et al. 2011). 
The molecular conformation of proteins is sensitive to the nature of the 
aqueous environment (Crevenna et al. 2012). The wide variety of highly specific 
structures that result from protein folding and that bring key functional groups into 
close proximity has enabled living systems to develop astonishing diversity and 
selectivity in their underlying chemical processes. To generate biological activity, 
folding is coupled to many other biological processes including the trafficking of 
molecules to specific cellular locations and the regulation of cellular growth and 
differentiation (Radford & Dobson 1999, Li et al. 2008). 
A large number of distinct conformations exist for a pol>peptide chain for the 
protein molecule. The protein spends most of its time in the native confonnation. 
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which spans only an infinitesimal fraction of the entire configuration space (Robic 
2010). During the past few years, there has been a increase in the level of interest in 
protein folding. One conclusion from the studies is that an essential part of the folding 
process is the search for an ordered structure with many attributes of the native 
structures, is composed within the fraction of second (Dobson et al. 1994). Much less 
is known about the features of the potential surface governing the non-native portion 
of configurational space involved in protein folding. This includes a wide range of 
structures that may differ by tens of angstroms and are separated by significant energy 
barriers (Bryngelson & Wolynes 1989). Thus the time corresponding to the motions 
in the full conformation space is typically within the nanosecond to second range. 
In one scenario of protein folding, the polypeptide chain collapses rapidly to a 
compact globule (Sinha & Udgaonkar 2009). Although the most significant factor 
leading to such an early collapse is the burial of hydrophobic groups. The nature of 
the collapse depends on the heterogeneity of the stabilizing interactions. The concept 
of temperature dependent effective potential or potential of mean force and discretized 
description of the polypeptide chain is based on the idea of pre-averaging the small 
scale motions to obtain a coarse grained model that can treat a molecule on the time 
and distance scales on which protein folding occurs. This is the rationale for protein 
models that include only a subset of atoms (Karplus & Sali 1995, Chiang et al. 2010). 
Also presence of the ions can stabilize or destabilize (denature) protein secondary 
structure (Crevenna et al. 2012). As proteins increases in size the scenario become 
more complex, though the nature of the interactions remain the same and the folding 
mechanisms is built on the similar elements as described for smaller systems. Folding 
is a progression in which non-native and native contacts, some of which may be 
particularly important, stabilize native-like features of the structure. Another essential 
aspect of finding the correct fold is the need to avoid highly destabilizing situations, 
such as an unbalanced charged residue in the protein interior (Dobson et al. 1998, de 
Groot et al. 2008). 
Anfinsen established that small proteins could spontaneously refold from their 
denatured states and that the primary sequence of a protein dictates its tertiary 
structure (Anfinsen 1973). Protein folding is so complex that even the approaches 
used for its characterization are not fully defined (Miranker & Dobson 1996). 
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Recombinant DNA technology facilitates the design and expression of various 
proteins at high expression rates and concentrations. However, the production of 
recombinant protein is often hindered by the refolding process in which the expressed 
protein attains its native-like three-dimensional conformation that enables its 
designated biological functions. Misfolding and aggregation are major problems in 
protein refolding in vitro (Jungbauer & Kaar 2007). Macromolecular crowding is 
recognized as an important factor influencing folding and conformational dynamics of 
proteins (Predeus et al. 2012). The integrated use of protein engineering, molecular 
simulation and bioinformatics tools has enabled us to understand and visualize the 
folding pathways for several proteins at atomic resolution (Daggett & Fersht 2003). 
These studies have shed light on various aspects of the process and will be helpfiil in 
engineering the pathways for protein refolding in vitro (Lu & Liu 2010). Proteins that 
show reversible two-state folding-unfolding transitions turned out to be a gift of 
natural selection. Focusing on these simple systems helped researchers to uncover 
general principles regarding the origins of co-operativity in protein folding 
thermodynamics and kinetics (Radley et al. 2003). 
Proteins to carry out their fiinctions, they must fold rapidly and reliably to a 
specific structure designed by evolution for the particular task. Tlie folding process in 
a cell involves a range of catalytic and control systems (Getting & Sambrook 1992), a 
protein sequence must satisfy two requirements: thermodynamic and kinetic (Karplus 
& Sali 1995). The thermodynamic requirement is that the molecules must adopt a 
unique folded conformation (the native state) which is stable under physiological 
conditions. The kinetic requirement is that the denatured polypeptide chain can fold 
into the native conformation within a reasonable time (Dobson et al. 1998, Mallam & 
Jackson 2011). 
1.2. The folding code 
The key idea was that the primary sequence encodes secondary structures, 
which later encode tertiary structures (Anfmsen & Scheraga 1975). Since native 
proteins are only 5-10 kcal/mol more stable than their denatured states, it is clear that 
intermolecular force cannot be neglected in folding and structure prediction (Yang et 
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al. 2006). Folding is not only dominated by electrostatic interactions among charged 
side chains because most proteins have relatively few charged residues and they are 
concentrated in high-dielectric regions on the protein surface. Protein stabilities tend 
to be independent of pH (near neutral), salt concentration, and charge mutations 
typically cause small effects on structure and stability. Hydrogen-bonding interactions 
are important as they are essentially satisfied in native structures. Similarly, tight 
packing in proteins implies that van der Waals interactions are important (Chen & 
Stites 2001, Dill et al. 2008, Fiedler et al. 2010). 
Moreover, there is considerable evidence that hydrophobic interactions must 
play a major role in protein folding. Proteins have hydrophobic cores which imply 
that the nonpolar amino acids are driven to be sequestered from water. Proteins are 
readily denatured in nonpolar solvents. Sequences that are jumbled and retain their 
correct hydrophobic and polar patterning fold to their expected native states (Kim et 
al. 1998), in the absence of efforts to design packing, charges, or hydrogen bonding. 
Hydrophobic and polar patterning also appears to be a key for encoding amyloid-like 
fibril structures (Wurth et al. 2006, Dill et al. 2008). 
1.3. Protein structures 
1.3.1. Primary structure 
The primary structure of a protein is a linear polymer with a series of amino 
acids. These amino acids are connected by C-N bonds, also known as peptide bond. 
The formation of peptide bond produces water molecules as a by-product when an 
amino terminal residue (N-terminal) loses oxygen from the a-carboxyl group while 
the other amino acid loses two of its hydrogens from its a-amino group. Thus a 
polypeptide or a polypeptide chain is a term that describes the multiple connected 
peptide bonds between numerous amino acids (Sharma et al. 2009). Each amino acid 
in a polypeptide chain is a unit, commonly known as a residue. The C-N bond in an 
amino acids chain has the character of a double bond. This bond has a short length 
and is stable, h cannot be rotated. The double-bond character of polypeptide can be 
explained structurally, in that the R groups in amino acid chains avoid steric clash 
(Rose et al. 2006). 
4 
Chapter I 
1.3.2. Secondary Structure 
Secondary structures of proteins are typically ver>' regular in their 
conformation. They are the spacial arrangements of primary structures, a-helices and 
(3-pleated sheets are two types of regular structures. An interesting bit of information 
is that certain amino acids making up the polypeptide will actually prefer certain 
folding structures. The a-helix seems to be the default but due to various interactions 
like steric, certain amino acids will prefer to fold into P-pleated sheets and so on. For 
example, amino acids such as valine, isoleucine, and threonine all have branching at 
the P-carbon, this will in turn cause steric clashes in an a-helix arrangement. Glycine 
is the smallest amino acid and can fit into all structures so it does not favour the helix 
formation in particular (Kauzmann 1957). Therefore, these amino acids are mostly 
found where their side chains can fit nicely into the P-configuration. The structure of 
polypeptide main chain is mostly hydrogen-bonded in which each residue has a 
carbonyl group that is a good hydrogen-bond acceptor; nitrogen-hydrogen group, a 
good hydrogen-bond donor. 
(a) a helix structure: A common motif in the secondary structure of proteins is the a-
helix having right-handed coiled or spiral conformation in which every backbone N-H 
group donates a hydrogen bond to the backbone C=0 group of the amino acid four 
residues earlier. Among the types of local structure in proteins, the a-helix is the most 
regular as well as the most prevalent (Wang & Feng 2003). In a-helix each amino acid 
residue corresponds to a 100° turn in the helix (i.e., the helix has 3.6 residues per 
turn), and a translafion of 1.5 A (0.15 nm) along the helical axis. 
(b) p-pleated sheets: In contrast to the a-helical structure, P-Sheets are multiple 
strands of polypeptides connected to each other through hydrogen bonding in a sheet-
like array. Hydrogen bonding occurs between the NH and CO groups of two different 
strands and not within one strand, as is the case for a-helical structure. Due to its often 
rippled or pleated appearance, this secondary structure conformation has been 
characterized as the P-pleated sheet (Angel 2012). As a result, an amino acid cannot 
bond directly to the complementary amino acid in an adjacent chain as occurs in anti-
parallel configuration. Instead, the amino group from one chain is bonded to a 
Chapter I 
carbonyl group on the adjacent chain. The side chains of P-strands are arranged 
alternately on opposite sides of the strand. The distance between amino acids in a P-
strand is 3.5 A which is longer in comparison to the 1.5 A distance in a-strand. 
1.3.3. Tertiary structure 
The tertiary structure of a protein represents its three-dimensional structure. 
This three-dimensional structure is mostly determined by the amino acid sequence 
which is served as the primary structure of the protein. However the amino acid 
sequence cannot entirely predict on how the three-dimensional structure is formed. 
The tertiary structure is stabilized by the sequence of hydrophobic amino acid 
residues in the backbone of the protein (Fig. 1). The interior consists of hydrophobic 
side chains while the surface consists of hydrophilic amino acids that interact with the 
aqueous environment. Tertiary structure is formed by interactions between side chains 
of various amino acids in particular disulfide bonds formed between two cysteine 
residues (Kim & Baldwin 1990). Tertiary structure is also the most important protein 
structure that is used in determining the enzymatic activity of proteins. At this stage, 
tertiary structure attain there completion, while other proteins incorporate multiple 
polypeptide subunits forming the quaternary structure. 
1.3.4. Quaternary Structure 
A quaternary structure refers to two or more polypeptide chains held together 
by intermolecular interactions to form a multi-subunit complex. The interactions that 
hold together these folded protein molecules include disulfide bridges, hydrogen 
bonding, hydrogen bonding interactions, hydrophobic interactions and London forces. 
These forces are usually conveyed by the side chains of the peptides. Many proteins 
are actually assemblies of more than one polypeptide chain, which in the context of 
the larger assemblage are known as protein subunits (Lynch 2011). In addition to the 
tertiary structure of the subunits, multiple-subunit proteins possess a quaternary 
structure which is the arrangement into which the subunits assemble (Fig. 2). 
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Diffusion/collision 
Rearrangement 
Fig. 1. The hydrophobic-collapse model hypothesized that a protein would collapse 
rapidly around its hydrophobic side chains and then rearrange from restricted 
conformational space occupied by the intermediate. Here the secondary structure 
would be directed by native-like tertiary structure. 
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Fig. 2. Schematic representation of quaternary structure formation from tertiary 
structure which is formed by the packaging of secondary structural elements such as 
a-helices and P-sheets. 
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1.4. Conformational states of proteins 
Different protein conformations differ only in the angle of rotation about the 
bonds of the backbone and amino acid side chains except that they may also differ in 
covalent disulphide bonds which are unique: 
1.4.1. The native state 
The native state of a protein is a properly folded and/or assembled form, which 
is operative and functional. The native state of a biomolecule may possess all four 
levels of biomolecular structure possessing secondary structure as well as the 
quaternary structure which is formed from weak interactions along the covalentl}'-
bonded backbone. Homologous proteins invariably have essentially the same folded 
conformation, even if their amino acid similarities are minimal (Bajaj & Blundell 
1984, Chothia & Lesk 1986). The most conspicuously similar aspects of homologous 
structures are the general conservation of the nonpolar character of the side-chains 
that comprise the folded interior and the general prevalence of hydrophilic side-chains 
at the surface (Perutz et al. 1965). 
Many enzymes and other non-structural proteins have more than one native 
state, and they operate or undergo regulation by transitioning between these states. 
Mostly proteins have only one native state typically to distinguish properly folded 
proteins from denatured or unfolded ones. In other words, the folded shape of a 
protein is most often referred to its native conformation or structure. Proteins have 
been found to be surprisingly adaptive to mutations which are expected to be 
disruptive but the hydrophobic core seems to be the most critical aspect for providing 
stability the normal folded state (Bowie et al. 1990). Folded proteins demonstrate 
varying degrees of flexibility (McCammon & Harvey 1987), which is of direct 
relevance to protein folding as it reflects the free energy constraints on unfolding and 
refolding. Protein surface has got the greatest flexibility where some side chains and a 
few loops have alternative or no conformations which can be energetically preferred 
(Smith et al. 1986). Although flexibility is least in the interior, even their side-chain 
rotations occur, and most tyrosine and phenylalanine side-chain aromatic rings are 
flipping by 180° on the millisecond time-scale (Wagner 1983, Creighton 1990). For 
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some proteins, probes for different aspects of structure reveal very different kinetic 
behaviour during folding (Devaraneni et al. 2012). 
1.4.2. Unfolded state 
The ideal unfolded protein is the random coil in which the rotation angle about 
each bond of the backbone and side-chains is independent of the bonds distant in the 
sequence and where all conformations have comparable free energies, except when 
atoms of the polypeptide chain come into close proximity. The protein folding process 
begins from the unfolded state and progresses to the native or misfolded states via 
various kinds of folding intermediates (Fig. 3) (Sosnick et al. 1996, Fink 1999). 
Understanding the mechanism of folding of small proteins requires characterization of 
their starting unfolded states and any partially unfolded stales populated during 
folding (Figueiredo et al. 2012). Also, each molecule in a typical experimental sample 
of a fiiUy unfolded protein (likely to contain no more than 1018 molecules) will 
probably have a unique conformation at any instant of time. Consequently, the initial 
stages of folding must be nearly random but the native conformation is unlikely to be 
found by a totally random process. There is a wide variety of evidence, suggesting 
that unfolded proteins are not true random coils under certain conditions such as 
extremes of pH or temperature or in the absence of denaturants (Privalov 1989). 
Unveiling the structural and dynamic properties of these states particularly the 
unfolded states and folding intermediates at an atomic level is crucial for 
understanding protein folding pathways. This is virtually impossible for a polypeptide 
chain composed of 20 different amino acid side-chains with a diversity of chemical 
properties (Creighton 1990, Rose et al. 2006). 
In addition several theoretical and computational studies have demonstrated 
that specific interactions of denatured proteins play important roles in biasing the 
conformation toward the native state, thereby affecting the folding pathway (Chang 
2009). Molecular simulations have been used to illustrate the unfolded protein 
structure and its radius of gyration at the molecular level. These would provide a 
better understanding of the controversial properties of denatured proteins, the random 
coil and the presence of residual native structures (Tran & Pappu 2006). Molecular 
dynamics simulations of the unfolding of cytochrome c at 498 K show that the reverse 
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Fig. 3. Schematic representation of native protein and aggregate formation. Failure of 
regulatory mechanism in living system is likely to be major factor in the onset of 
aggregation and development of misfolding diseases. 
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turns persist in the unfolded state. Thus, the portions of the primary structure of 
cytochrome c set up the topology of the denatured state, predisposing the protein to 
fold efficiently to its native structure (Dar et al. 2011). It suggest that denatured 
proteins follow the random coil scaling sizes with statistical validity and retain 
residual secondary structures similar to those found in their native states. These 
computational studies provide conceptual reconciliation between two mutually 
exclusive views of protein unfolded states. In physical terms, the existence of residual 
native secondary structure indicates the possibility of avoiding any excessive entropic 
energy barrier to the formation of both secondary and tertiary structures which would 
consequently accelerate the folding rate (Lu & Liu 2010, Zambelli et al. 2011). 
1.4.3. Molten globule state 
A variety of proteins have been observed under certain conditions to exist in 
stable conformations that are neither fully folded nor ftiUy unfolded. These 
conformations have sufficient similarities to suggest that they are different 
manifestations of a third stable conformational state (Kuwajima 1989). 
Conformational transition from the native to the molten-globule form proceeds in a 
stepwise manner involving a burst-phase with a submillisecond conformational 
change followed by biphasic slower conformational reorganizations on the 
millisecond time scale leading to the final molten-globule s;tate (Bhattacharya & 
Mukhopadhyay 2011). Due to the elusive nature of protein folding, the identification 
and characterization of intermediates is an extremely difficult task. The overall 
dimensions of the polypeptide chain are much less than those of a random coil and 
only marginally greater than those of the fiilly folded state. The average content of 
secondary structure of molten globule is similar to that of the folded state. The interior 
side-chains are in homogeneous surroundings in contrast to the environments of fitlly 
folded state. Many interior amide groups exchange hydrogen atoms with the solvent 
more rapidly than in the folded state but more slowly than in the fiilly unfolded state. 
Its enthalpy is similar to that of the fully unfolded state but substantially different 
from that of the native state. Interconversions with the fully unfolded state are rapid 
and nonco-operative, but slow and co-operative with the fully j'olded state (Creighton 
1990, Creighton 1997) (Fig. 4). 
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Fig. 4. A unified view of some of the types of structure that can be formed by the 
polypeptide chain. Newly synthesized chain on ribosome can fold to a native state, 
unfolded state and misfolded state. In living system transfer between states are highly 
regulated by the presence of molecular chaperones, proteolytic enzymes and other 
factors. 
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Moreover, the traditional view of protein folding considers "intermediates" to 
be partially unfolded conformations that are stable enough to be detected. It has been 
found that partially unfolded intermediates are present in the protein folding pathways 
of even small proteins having less than 100 amino acids residues. To understand the 
stabilization, folding, and functional mechanisms of proteins, it is very important to 
understand the structural and thermodynamic properties of the molten globule state 
(Nakamura et al. 2011). The use of single molecule methods such as fluorescence 
resonance energy transfer (Wu et al. 2008) and force spectroscopy including optical 
tweezers and AFM (Ishii et al. 2008), may enable the detection of folding 
intermediates. Various computational groups have made great efforts to explore 
protein folding intermediates and relative folding pathways, llie simulation results 
agree well with those obtained from both traditional experimental NMR-based studies 
(Gsponer et al. 2006) and single molecule based detection tectiniques (Freddolino & 
Schulten 2009, Lu & Liu 2010). 
1.5. Protein folding problem 
Protein folding in vivo is a complex multi-scale dynamical problem especially 
when one considers the synergies between protein expression, spontaneous folding, 
chaperonin-assisted folding, protein targeting, kinetics of post-translational 
modifications, protein degradation, and of course the drive to avoid aggregation (Fink 
1999, Pappu & Nussinov 2009). Protein folding has been recognized as a critical 
problem in the 21st century. Predicting protein-folding patterns is challenging due to 
the complex structure of proteins (Chen et al. 2012). The problem can be broken 
down into three different but related questions: (1) By what kinetic process or 
pathway does the protein adopt its native and biologically-active folded 
conformation? (2) What is the physical basis of the stability of folded conformations? 
(3) Why does the amino acid sequence determine one particular folding process and 
resultant three-dimensional structure (Creighton 1990). 
Protein folding can be initiated in the laboratory in a variety of ways. One of 
the simplest is to unfold the protein in a high concentration of chemical denaturant, 
such as guanidinium chloride. One strategy that has been developed is to use a battery 
of complementary stopped-flow and quenched-flow techniques, each of which is 
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capable of monitoring a specific aspect of the formation of native-like structure 
(Dobson et al. 1994). For example, if the far-UV CD signal is followed as a function 
of time, the development of secondary structure (particularly helicity) can be 
monitored. If, in contrast, the near-UV CD signal is measured, the development of 
native-like packing of aromatic side chains can be probed. In some cases, the rapid 
change of oxidation state of a metalloprotein can trigger the onset of the folding 
reaction (Pascher et al. 1996). With such approaches folding events on the micro- and 
submicrosecond time scale are becoming accessible (Dobson et al. 1998). 
There are several areas that come under the rubric of protein folding that are 
receiving attention. For example, how do complications in vivo such as 
macromolecular crowding, confinement and presence of cosolutes, membrane 
anchoring and tethering to surfaces influence protein stabilities and folding dynamics? 
Correspondingly, evolution selected for cooperation between rigidity (stability) and 
flexibility (folding:function:degradation), to the result that generally the fi"ee energy of 
stabilization of globular proteins in solution is equivalent to only a few weak 
intermolecular interactions (Fink 1999, Jaenicke 2000, Pappu & Nussinov 2009). 
1.6. Folding and misfolding of protein in cell 
In a cell, proteins are synthesized on ribosomes from the genetic information 
encoded within the cellular DNA. Protein chains can fold into an enormous range of 
structures, but a few basic localized fold or secondary structures are widespread. The 
most common of these are alpha helices and beta sheets. Folding in vivo is in som;e 
cases co-translational i.e. it is initiated before the completion of protein synthesis 
whereas the nascent chain is still attached to the ribosome (Hardesty & Kramer 2001). 
Other proteins, however, undergo the major part of their folding in the cytoplasm after 
release fi-om the ribosome whereas others fold in specific compartments such as 
mitochondria or the endoplasmic reticulum (ER), after trafficking and translocation 
through membranes (Bukau & Horwich 1998). Of particular importance in this 
context is the presence of many molecular chaperones that are present in all types of 
cells and cellular compartments. Some chaperones (Hsp 25, Hsp 60, Hsp 70 and Hsp 
100) interact with nascent chains as they emerge from the ribosomes whereas others 
are involved in guiding later stages of the folding process (Hartl & Hayer-Hartl 2002). 
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Molecular chaperones do not themselves increase the rate of individual steps in 
protein folding but they increase the efficiency of the overall process by reducing the 
probability of competing reactions particularly aggregation (Kautman et al. 20021, 
Dobson 2003, Dobson 2004, Sree & Joy 2011) (Fig. 5). 
Folding and unfolding are the ultimate ways of generating and abolishing 
specific types of cellular activity. Processes as apparently diverse as translocation 
across membranes, trafficking, secretion, immune response and regulation of the cell 
cycle are directly dependent on folding and unfolding events (Radford & Dobson 
1999). Protein instability is a major concern inside the cell. Failure to fold correctl)', 
or to remain correctly folded, will therefore give rise to the malfianctioning of the 
living systems and can lead to a disease (Horwich 2002). Some of these diseases 
(such as cystic fibrosis (Thomas et al. 1995) and some types of cancers (Bullock & 
Fersht 2001)) result fi-om proteins folding incorrectly and not being able to exercise 
their proper fianction. Many such disorders are familial because the probability of 
misfolding is often greater in mutational variants. In other cases, proteins with a high 
propensity to misfold escape all the protective mechanisms and form intractable 
aggregates within cells or (more commonly) in extracellular space. An increasing 
number of disorders, including Alzheimer's and Parkinson's diseases, the spongifonn 
encephalopathies and type II diabetes are directly associated ^vith the deposition of 
such aggregates in tissues including brain, heart and spleen (Horwich 2002, Dobson 
2003, Aguzzi & Calella 2009). 
1.7. Aggregation and amyloid formation of proteins 
Protein aggregation is a biological phenomenon in which mis-folded proteins 
aggregate (i.e., accumulate and clump together) either intra- or extracellularly. 
Aggregation is a process that begins with the abnormal association of as few as two 
molecules and that has the potential to form larger structures that are visible by 
microscopy. The relative aggregation rates for a wide range of peptides and proteins 
correlates with the physicochemical features of the molecules such as charge, 
secondary-structure propensities and hydrophobicity (Chiti et al. 2003). Surface 
charges of proteins have been in several cases found to Sanction as "structural 
gatekeepers," which avoid unwanted interactions by negative design, for example, in 
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Fig. 5. Protein folding regulation in the endoplasmic reticulum. Newly synthesized 
proteins are translocated to the endoplasmic reticulum, where they fold into their 
three-dimensional structure with the help of chaperones. Correctly folded proteins are 
transported to golgi complex. However, incorrectly folded proteins are ubiquitinated 
and than degraded into the cytoplasm by proteosomes (E2, ubiquitin-conjugating 
enzyme; E3, ubiquitin ligase). 
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the control of protein aggregation and binding (Kumik et al. 2012). In a globular 
protein the polypeptide main chain and the hydrophobic side chains are largely buried 
within the folded structure and are exposed when the protein unfolds (for example, at 
low pH) or fragmented (for example, by proteolysis), facilitating conversion into 
amyloid fibrils (Fig. 6). Experiments in vitro indicate that their formation is then 
generally characterized by a lag phase followed by a period of rapid growth (Caughey 
& Lansbury 2003). Such behaviour is typical of nucleated processes such as 
crystallization; the lag phase can be eliminated by the addition of preformed 
aggregates to fresh solutions, a process known as seeding. An interesting recent 
suggestion is that seeding by chemically modified forms of proteins resulting from 
deamidation or oxidative sfress, might in some cases is an important factor in 
triggering the aggregation process and the onset of disease (Nilsson et al. 2002). The 
aggregates that form first are likely to be relatively disorganized structures that expose 
to the outside world a variety of segments of "the protein that aire normally buried in 
the globular state (Bucciantini et al. 2002, Dobson 2003). 
In some aggregation diseases large quantities of insoluble proteins involved 
can physically disrupt specific organs and thereby cause pathological behaviour (Tan 
& Pepys 1994). But in case of neurodegenerative disorders, such as Alzheimer's 
disease, the primary symptoms almost certainly result from a 'toxic gain of function' 
associated with aggregation (Taylor et al. 2002, Dobson 2003). Aggregation of the 
microtubule associated protein tau is associated with several neurodegenerative 
disorders, including Alzheimer's disease and frontotemporal dementia (Kfoury et al. 
2012). In addition, the failure of proteins to fold correctly and efficiently is being 
associated with the malfunction of biological systems. A substantial range of diseases 
is now known to be associated with the misfolding of proteins. Some of these 
diseases, for example cystic fibrosis result from mutations which interfere with the 
normal folding and secretion of specific proteins. Others, such as Alzheimers and 
Creutzfeldt-Jakob diseases, are associated with the later conversion of normal soluble 
proteins into insoluble amyloid plaques and fibrils (Prusiner 1992). Population of 
helical intermediates and their stabilization via interactions with membranes might be 
an important route by which the process of aggregation leads to toxicity (Pappu & 
Nusinov 2009). 
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Fig. 6. A schematic representation of general mechanism oi" aggregation to fonn 
amyoid fibrils. Partially unfolded proteins associate with each other to form small, 
soluble aggregates that undergo further assembly into amyloid fibrils. Native protein 
experience fates such as degradation and aggregation. 
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Amyloid fibrils are just one of the types of aggregates that can be formed by 
proteins, although a significant feature of this particular species is highly organized 
hydrogen-bonded structure which gives a unique kinetic stability. Thus, once formed, 
such aggregates can persist for long period allowing a progressive build-up of 
deposits in tissue, and indeed enabling seeding of the subsi^quent conversion of 
additional quantities of the same protein into amyloid fibrils. For example, many of 
the mutations associated with the familial forms of deposition diseases increase the 
population of partially unfolded states, and hence the propensity to aggregate, by 
decreasing the stability or co-operativity of the native state (Ramirez-Alvarado et al. 
2000). Kuznetsova et al. (2012) proposed the approach to determine the absorption 
spectrum, molar extinction coefficient, and fluorescence quanmm yield of the ThT 
bound to fibril by each binding modes. This approach is universal and can be used for 
determining the binding parameters of any dye interaction with a receptor, such a.s 
ANS binding to proteins in the molten globule state or to protein amorphous 
aggregates. 
Genomic analysis has identified segments with high fibril-forming propensity 
in many proteins which were not known to form amyloid. Proteins are often protected 
fi-om entering the amyloid state by molecular chaperones that permit them to fold in 
isolation fi^om identical molecules (Teng et al. 2012). Each amyloid disease involves 
predominantly the aggregation of a specific protein. Although a range of other 
components including additional proteins and carbohydrates are also incorporated into 
the deposits when they form in vivo. The characteristics of the soluble forms of 20 or 
so proteins involved in the well-defined amyloidoses vary into a large extent as they 
range from intact globular proteins to largely unstructured peptide molecules - but the 
aggregated forms have many characteristics in common (Sunde & Blake 1997). 
Amyloid deposits show specific optical behaviour (such as birefiingence) on binding 
certain dye molecules such as Congo red. The latter reveals that the organized core 
structure is composed of (3-sheets whose strands run perpendicular to the fibril axis 
(Sunde & Blake 1997). The most compelling evidence for the latter statement is that 
fibrils can be formed in vitro by many other peptides and proteins including such 
well-known molecules as myoglobin and also by homopolymers such as 
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polythreonine or polylysine (Dobson 2001, Dobson 2003, Yoon & Welsh 2004, Xu et 
a/. 2010). 
The core structure of the fibrils seems to be stabilized primarily by interaction 
particularly hydrogen bonds which involves the main chain polypeptide. Since the 
main chain is common to all polypeptides this observation (Explains why fibrils 
formed from polypeptides of very different sequence seem to be so similar (Dobson 
1999). In some cases only a handful of the residues of a given protein might be 
involved in this structure, with the remainder of the chain being associated in some 
other manner with the fibrillar assembly. In some other cases almost the whole 
polypeptide chain seems to be involved. The generic amyloid structure contrasts 
strongly with the highly individualistic globular structures of most natural proteins. In 
these latter structures the interactions associated with the very specific packing of the 
side chains seem to override the main-chain preferences (Dobson 1999). The study of 
the structure, mechanism of formation, and biological activity of protein misfolded 
oligomers has been challenged by the metastability, transient formation and structural 
heterogeneity of such species. In spite of these difficulties many experimental 
approaches have emerged in the past years that enabled the detection and the detailed 
molecular study of misfolded oligomers (Bemporad & Chiti 2012). 
1.8. Monomeric proteins 
A monomer is a molecule that may bind chemically to other molecules to form 
a polymer. The term monomeric protein may also be used to describe one of th(i 
proteins making up a multiprotein complex (Jobling 2004, Trakselis et al. 2005, 
Hynson et al. 2012). All of the interactions that stabilize the monomer are present in 
the oligomer except for those in the hinge region that connects the swapped domain 
with the rest of its chain. Folding does not require the structural building blocks to be 
part of the same polypeptide chain. This folding analogy suggests that protein-peptide 
interactions should follow structural patterns similar to those observed in monomeric 
proteins (Tsai et al. 1998, Gao & Skolnick 2012). Similarities between structural 
motifs that occur in protein-peptide interaction and monomeric proteins is the 
apparent complexity of such interactions when viewed in their atomic detail. 
Alternatively, it is often relatively simple to divide a protein structure in a small 
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number of interacting fragments, roughly determined by the elements of secondary 
structure (Vanhee et al. 2009). 
The folding of OVA is of interest because to initiate the folding process, N-
terminal signal sequence is required but ovalbumin lacks this initiating signal so it 
accomplishes its folding process with the help of its internal hydrophobic signal 
sequence. OVA is the major protein in avian egg-white and ^vas one of the first 
proteins to be isolated in a pure form. It is a glycoprotein with a relative molecular 
mass of 45,000 dalton. The amino acid sequence of hen egg-white OVA comprising 
386 amino acids was deduced from the mRNA sequence by McReynolds et al. 
(1978). The sequence includes six cysteines with a single disulfide bond between 
Cys74 and Cysl21. It does not have a classical N-terminal leader sequence, although 
it is a secretory protein. Instead, the hydrophobic sequence betv/een residues 21 and 
47 may act as an internal signal sequence involved in transmembrane location 
(Robinson et al. 1986). It is readily available in large quantities which has led to its 
wide-spread use as a standard preparation in studies of the structure and properties of 
proteins, and in experimental models of allergy. In addition the synthesis of OVA by 
hen oviduct and its regulation by steroid hormones has provided a model system in 
studies of protein synthesis and secretion (Huntington & Stein 2001). Interest in the 
structure and function of OVA was stimulated by the unexpected finding that this 
protein belongs to the serpin super-family. 
OVA is a serpin without inhibitory activity against proteases. This protein is in 
the native form (N-OVA) in newly deposited eggs and is converted to a thermostable 
form, named HS-OVA, under physiological conditions in developing eggs (Sugimoto 
et al. 1999). During embryonic development, OVA in the N fonm undergoes changes 
and takes a heat-stable form, which was previously named HS-OVA. It has been 
known that N-OVA is artificially converted to another thermostable form called S-
OVA by heating at an alkaline pH (Shinohara et al. 2006). OVA has not been 
reported to exhibit inhibitory activities against proteases. This has been interpreted by 
assuming that the reactive center loop (RCL) cannot be inserted between the 3A and 
5A strands (Huntington & Stein 2001). OVA exhibit intri^ ^uing conformational 
changes during embryogenesis of the chicken. Another thermostable form, S-OVA, 
which is known to occur spontaneously in unfertilized eggs during storage and by in 
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vitro treatment of isolated N-OVA at a high pH and high temperature (Smith & Back 
1965), was also found to be included in the living eggs (Shinohara et al. 2005). 
Crystallographic analysis (Yamasaki et al. 2003) revealed that S-OVA has almost the 
same structure as N-OVA except for some features: the motion of the preceding loop 
strand lA away from the strand 2A, the changes in the side-chain conformation of 
Phe-99 and Met-241 and the racemization of Ser-164, Ser-236, and Ser-320 to the D-
amino acid. 
HSA is a soluble, globular and unglycosylated monomeric protein. It functions 
primarily as a carrier protein for steroids, fatty acids, thyroid hormones, and plays an 
important role in stabilizing extracellular fluid volume (Peters 1995, He et al. 2011). 
HSA, the most abundant plasma protein (-640 \M) also has a hij^ affinity for hemin. 
The protein is a helical monomer of 66 kDa containing three homologous domains (I-
III) each of which is composed of A and B subdomains (He & Carter 1992). The 
dissociation constant for the interaction was determined to be -10 nM in a 3:5 (v/v) 
mix of dimethyl sulfoxide and water (Adams & Berman 1980) but the interaction is 
likely to be even tighter in a more aqueous medium. HSA may provide a reserve 
binding capacity for such situations when hemopexin becomes saturated. HSA is 
widely used clinically to treat serious bum injuries, hemorrhagic shock, 
hypoproteinemia, fetal erythroblastosis and ascites caused by cirrhosis of the liver 
(Hastings & Wolf 1992). HSA is also used as an excipient for vaccines or therapeutic 
protein drugs and as a cell culture medium supplement in the production of vaccines 
and pharmaceuticals (Marth & Kleinhappl 2001). Many other novel uses Of HSA in 
biological applications have been explored such as carrier of oxygen (Tsuchida et al. 
2009), nanodelivery of drugs (Cai et al. 2006), and fusion of peptides (Subramanian et 
a/. 2007, He e? a/. 2011). 
1.9. Multimeric proteins 
The comparatively high frequency of charged and in general polar residues at 
intersubunit interfaces may even lead to the suggestion that ion pairing and H-bonding 
across protein surfaces had a priming role in protein-protein interactions leading to 
oligomerization. The structural role of a subunit-subunit interface, where stability is 
an essential asset, whereas in the other types of complexes, all fimctional in character, 
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flexibility and reversibility of the interaction are more important (Jones & Thornton 
1995). Protein-protein interactions play an essential role in cellulair processes (Hahn & 
Kim 2012). As for the rare presence at oligomeric interfaces of covalent, disulfide 
links (Jones & Thornton 1995), this might be surprising, given the stabilisation they 
can grant to an interface, and the recorded preference for Cys at interface hydrophobic 
patches (Lijnzaad & Argos 1997). It should also be noted that intersubunit disulfides 
can belong to and stabilise only subunit interfaces of extracellular oligomers. It may 
thus be speculated that intersubunit disulfides are in principle fanctional rather than 
structural. Although disulfides may appear to be more costly energetically than 
noncovalent bonds but their cleavage and sealing are readily and effectively 
accomplished to switch them off and on as required just by adjusting the redox 
potential of the environment (D'Alessio 1999, Ishmael etal. 2005). 
Multimeric, so called structural proteins, can provide the; cell with protection 
or with a mechanical basis for the transduction of signals across the cell. These tasks 
cannot be done by monomeric proteins. Small globular proteins and peptides 
commonly exhibit two-state folding kinetics in which the rate limiting step of folding 
is the surmounting of a single fi-ee energy barrier at the transition state separating the 
folded and the unfolded states (Thukral et al. 2011). The significance of smaller 
'fiinctional' oligomeric proteins, in fact their biological advantage over their 
monomeric counterparts can be found in their ability to possess in a limited structure. 
Multiplicity of interacting sites of oligomeric proteins for substrates and ligands, to 
respond flexibly to diverse environments and to acquire the competence to react in 
feedback regimes through co-operative ligand binding to m.ultiple protein sites 
(Goldberg eM/. 1975). 
Moreover, the intersubunit interface in protein oligomers can be considered as 
maintained by noncovalent bonds and forces, with a determinant role of hydrophobic 
interactions, but hydrogen bonds generally between residue side chains and ion pairs 
are also necessary for the construction of an intersubunit interface. There are findings 
that high frequency of charged residues at intersubunit interfaces which is much 
higher than that computed for the regions buried in the subunit tertiary structure. Polar 
residues are more fi-equent at oligomer interfaces than at the inner regions of the 
assembled monomers, and about as frequent at interfaces as at the external monomer 
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surfaces and hydrophobic residues are much less frequent at intersubunit interfaces 
than at the subunit inner cores (D'Alessio 1999). 
Thus, a larger fraction of the free energy involved in organising monomers 
into a higher level of structural complexity does come from the entropy gain 
generated by the hydrophobic effect (Janin et al. 1988). While in protein folding the 
hydrophobic effect has a unique role especially in the structuring of oligomer 
interfaces and for that both hydrophobic and a hydrophilic effect must be considered. 
Among the hydrophilic bridges detected at intersubunit interfaces, there is 
surprisingly frequent appearance of arginine residues (Janin et al. 1988, Lijnzaad & 
Argos 1997). This could be due to the dual ability of its side chain in ion pairing, as a 
prolific H-bond former and also for its ability to form water mediated Arg-Arg 
interactions (Magalhaes et al. 1994). 
Certainly, oligomers represent a relatively large proportion of the existing 
proteins, and are capable of performing tasks for which monomers are not suited. 
GOD has found a variety of applications especially as a biosensor for the quantitative 
determination of P-D-glucose in liquids (Lee et al. 2011). It is a dimeric protein with a 
molecular weight of 160 kDa containing one tightly bound flavin adenine 
dinucleotide (FAD) per monomer as a co-factor. The homodimer is a flavoprotein 
which catalyzes the oxidation of P-D-glucose in a highly specific way. Other 
monosaccharides are oxidized at much lower rates. The enzymatic reaction can be 
divided in two steps. In the first reaction step two protons and elecfrons are transferred 
from P-D-glucose to the enzyme. This reductive half reaction of the catalytic cycle 
leads to the oxidation of P-D-glucose to 5-gluconolactone. In the second step which 
involves oxidative half reaction, the enzyme is oxidized by molecular oxygen yielding 
hydrogen peroxide. Finally 8-gluconolactone can be hydrolyzed non-enzymatically to 
gluconic acid (Twala et al. 2012). 
Con A subunits have molecular weight of 25,500 Da are folded into dome-like 
structures (Reeke et al. 1975). Each subunit contains two large antiparallel pleated 
sheets and the subunits are joined to form dimers and tetraitners by interactions 
involving one of these pleated sheets. Con A at physiological pH has been shown to 
be a tetramer of identical subunits each with a single saccharide-binding site (Adams 
et al. 2006). Con A exists as a mixture of two conformational states: a "locked" fonri 
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and an "unlocked" form (Lagundzin et al. 2010). The unlocked form of the protein 
weakly binds metal ions and saccharide, and is the predominant conformation of 
demetallized Con A (apo-Con A) at equilibrium. The locked form binds two metal 
ions per monomer with the resulting complex possessing full saccharide binding 
activity. Studies on the structure and activities of the lectin Con A have been pursued 
in a number of laboratories with the goal of understanding the wide variety of 
biological and ligand-binding activities exhibited by this plant protein. 
Lectins such as Con A have been widely applied to N-glycosylated protein 
investigation. Con A-modified magnetic nanoparticles by the facile and low-cost 
synthesis provided a convenient and efficient enrichment approach for glycoproteins, 
and are promising candidates for large scale glycoproteomic research in complicated 
biological samples. As conjugation often affects the protein structure and function 
(Gagner et al. 2011), techniques to probe structure and activity are assessed in this 
thesis. Characterization studies of nanoparticles-protein interactions show that the 
structure and function are influenced by the chemistry of the nanoparticle ligand, the 
nanoparticle size, the nanoparticle material and the nature of the linkage (Lee & 
Ytreberg2012). 
LIO. Advances of protein folding 
Molecular simulations are used to present the concept of (sstablishing dynamic 
solution environments that mimic the molecular machinery employed for high 
efficiency protein folding in vivo and to enhance the kinetic partitioning of the native 
conformation. In practice, the use of "SMART" polymers for protein folding in a 
decreasing temperature gradient mimics the capture-release mechanism of 
GroEL/GroES/ATP and promotes protein folding and inhibits protein aggregation 
(Fig. 7). In normal circumstances the molecular chaperones and other 'housekeeping' 
mechanisms are remarkably efficient in ensuring that such potentially toxic species as 
prefibrillar aggregates are neutralized before they can do any damage (Sherman & 
Goldberg 2001). This neutralization could result simply from the efficient targeting of 
misfolded proteins for degradation but it seems that molecular chaperones are also 
able to alter the partitioning between harmful and harmless forms of aggregates 
(Dobson 2003). Oscillation of the oxidative/reductive potential of the solution by 
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Fig. 7. The GroEL cycle. A denatured state binds to [1], the GroEL-GroES-ATP-
ADP-complex. Fast folders such as bamase, fold rapidly to give [3] and release folded 
protein. For slow folders GroES is expelled from [2] on ATP hydrolysis to give [4], 
the T state. There is an equilibrium with the R state [6], induced by the binding of 
ATP. GroES does not directly give [2] on binding to [6]. The T state [4] has the 
potential for unfolding a compact denatured state. This cycle used ATP hydrolysis to 
pump the conversion of R state to T state [6] can be shunted back to [2] via [10]. 
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periodic loading of redox chemicals promotes the reshuffling of disulfide bridges, 
mimicking the action of protein disulfide isomerase (PDI) and as such results in 
increased refolding yields. Realization of the simulated "oscillatory hydrophobic 
driving force" that mimics the quality control system in the ER may be of enormous 
practical value for protein folding at high concentrations (Lu & Liu 2010). Protein 
engineering techniques such as single point mutations, F-value analysis, C-value 
analysis and circular permutants are widely used to study protein folding pathways. 
These techniques also simultaneously provide possible ways to alter protein folding 
pathways in vivo especially in the E. coli system. It is well known that a denatured 
protein chain can find its well-ordered three-dimensional structure, the native state in 
a second using only the information contained in the sequence. However, now 
researchers recruiting all the help they can get, including idle computers and game 
consoles, game players, and little hints fi-om evolution for the prediction of structures 
from sequences (Gross 2012). 
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Objectives of the present work 
*l* Chapter I give a review of the published Uterature and provide an overview of 
importance of protein folding and misfolding. Protein folding is a problem of 
great importance in both the life sciences and biotechnology industries. A very 
large number of distinct conformations exist for the polypeptide chain of 
which a protein molecule is composed. The protein spends most of its time in 
the native conformation, which spans only an infinitesimal fi-action of the 
entire configurational space. Protein misfolding is a ubiquitous phenomenon 
associated with a wide range of diseases. Protein folding is now at the stage 
where theory and experiment can together make rapiij progress toward an 
understanding of this complex process. Toward this end. a framework must be 
developed for interpreting the results of the new experimental techniques and 
for probing specific features of the folding reaction. 
••• In chapter II, an effort has been made to characterize the partially folded state 
of OVA. One of the main challenges of the 'protein-folding problem' is the 
characterization of the partially folded stable interaiediate states. The 
systematic investigation of the effects of TFA and TCA on acid-induced state 
of OVA from Callus gallus was made using steady state Trp fluorescence, 
CD, FTIR, gel filtration chromatography and ANS fluorescence. K2SO4 (salt 
anions) are known to induce native structure in proteins, In this study, 25 mM 
K2SO4 induced native like tertiary structure in acid induced state of OVA. 
• In chapter III, studies were carried out on the progression of Maillard reaction 
in vitro for HSA over a period of 28 days. In order to observe the changes 
occurring at the later stages of glycation with a view to examine whether 
glycation induces the intermediate states vulnerable to aggregation or not. 
Four weeks of incubation of HSA with sugars (glucose, fructose, mannose and 
ribose) were carried out. The hydrophobic probe ANS has been used for the 
characterization of molten globule state of proteins 
•> In chapter IV, for better understanding of the protein-sugars interactions, an 
effort has been made to study the relationship between the enzyme in its native 
state and the structural properties of the whole GOD molecule in presence of 
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sugars. In the present study, investigation have been done on GOD in presence 
of pentose sugars namely, ribose and arabinose. Therefore, in order to specify 
the contribution of structure, FTIR, Trp fluorescence and CD of GOD have 
been used. 
<• In the last chapter V, Characterizing of nanoparticles-protein interface have 
been done. To propose the use of Con A immobilized on ZnO nanoparticles as 
bio-diagnostic tool, a comprehensive analysis of ZnO characteristics, its 
interaction with Con A and genotoxicity is presented. To measure the 
structural and functional stability of Con A upon interaction with ZnO 
nanoparticles techniques such as fluorescence, FTIR and CD techniques were 
used. An attempt has been done to achieve a comprehensive understanding of 
how Con A influenced by ZnO nanoparticles characteristics such as size, 
curvature, morphology and surface chemistry. In the present work, it was 
investigated whether nanoparticles induces the intermediate states in Con A 
vulnerable to aggregation and also check the genotoxicity of the aggregated 
product. 
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Chapter II 
2.1. Introduction 
The information necessary to drive a protein into its native three-dimensional 
structure under physiological conditions is known to be encoded within its amino acid 
sequence. The kinetics of folding depends on the characteristics of the cytosol, 
including the nature of the solvent like water, concentration of the salts, temperature, 
crowding and molecular chaperones. Most of the folded proteins have a hydrophobic 
core in which side chain packing stabilizes the folded state and the charged or polar 
side chains on the solvent-exposed surface interact with surrounding water molecules. 
It is generally accepted that minimizing the number of hydrophobic side chains 
exposed to water is the principal driving force behind the folding process (Pace et al. 
1996). 
The high cooperativity and complexity of the protein folding process makes the 
characterization of conformational transitions and equilibrium intermediate states 
extremely difficult (Barrick et al. 1994, Jaenicke 1991). One of the main challenges of 
the 'protein-folding problem' is the characterization of the partially folded stable 
intermediate states (Naeem et al. 2005). Several studies have shown that the amount 
of secondary structure and the compactness of the intermediate state formed in the 
folding pathway of protein are not necessarily close to those of the native state, but 
vary greatly (Ballery et al. 1993, Matousschek et al. 1992). This suggests the 
formation of various intermediate states, from one close to the fully unfolded state to 
the one close to the native protein (Naeem et al. 2004, Goto & Nishikiori 1991). 
There has been considerable interest in whether a new type of intermediate state, 
which might be located in between the native state and the m(5lten globule state or 
between native and the unfolded state exists. Characterization of such intermediate 
state is an important task in protein folding (Matousschek et al. 1992, Kumar et al. 
2004). 
The essential fact of folding, however, remains that the amino acid sequence of 
each protein contains the information that specifies both the native structure and the 
pathway to attain that state. Amino acid sequences having sequence homology does 
not attain the same fold (Alexander et al. 2007). Conformations difference is based on 
environmental factors as well; similar proteins fold differently based on where they 
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are found. The passage of the folded state is mainly guided by hydrophobic 
interactions, formation of intramolecular hydrogen bonds, and van der Waals forces. 
Various forces like electrostatic repulsion, hydrophobicity, and secondary 
structure propensity plays a major role in imparting the tendency of partially unfolded 
proteins to aggregate (Chiti et al. 2003). Protein aggregation is the process from 
which amyloid formation develops. A number of severe human pathologies are based 
on extracellular deposition of insoluble protein aggregates known as amyloid fibrils 
(Bellotti et al. 1999, Kelly 1998). Fibril show a common ultra structural architecture 
independent of the protein involved in their formation and feature intermolecular P-
sheet structure (Sunde & Blake 1997). The aggregation process is considered as 
process acting in competition with the normal folding pathway. This concept has been 
derived from the facts that protein aggregation is a common property of any 
polypeptide chain and that the process takes place from at least partially unfolded 
states (Bellotti et al. 1999, Dobson 1999). The native protein and the amyloid 
aggregates can therefore be seen as originating from a common population of partially 
unfolded, interconverting molecules. Fibril formation from transthyretin occurs 
preferentially at mildly acidic pH values (Lai et al. 1996). Under these conditions the 
native tetrameric conformation of the protein is found to dissociate and to partially 
unfold, thus adopting a conformation that is highly prone to aggregate and thus to 
form amyloid fibrils. The SH3 domain of the p85a subunit of phosphatidylinositol 3-
kinase, a protein that is not associated with any of the known amyloid diseases, 
readily forms amyloid fibrils in vitro under acidic conditions (Guijarro et al. 1998). 
This prompted us to explore whether other natural proteins may assemble into such 
fibrils if appropriate conditions would be occured. 
OVA a major egg white protein, is a member of the serpin super family that 
includes mammalian ai-antitrypsin, a protein that inhibits a serine protease that 
regulates coagulation and fibrinolysis (Donnell 1993, Huber & Carrell 1989). The 
protein consists of a single polypeptide chain of 385 amino acid residues that fold into 
a globular conformation with a high secondary structure content (30.6% a-helix and 
31.4% p-strand) (Stein et al. 1991). Previous studies have demonstrated that OVA 
exists as molten globule state around pH 2 upon unfolding it over a pH range of 1-7. 
OVA acquire a unique partially denatured conformation at acidic pH (Koseki et al. 
1988). CD analysis have shown that the secondary structure content at pH 2 is almost 
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or exactly same as that of at pH 7, but here the native tertiary interactions are almost 
completely disrupted (Koseki et al. 1988). An increased binding of a hydrophobic dye 
to OVA at pH 2 is also consistent with the view that this egg white protein assumes 
the classical molten-globule state at acidic pH (Tatsumi & Hirose 1997). However, 
intrinsic viscosity and the sedimentation coefficient, which both depend on the protein 
hydrodynamic volume, are essentially the same at the two pH values. Several helical 
proteins have shown the structural transition fi"om a-helix to |3-sheet on lowering the 
pH (Edwin & Jagannadham 1998, Edwin & Jagannadham 2000). Keeping this point 
in view the effect of TFA and TCA on the acid-induced state of OVA was studied. 
This state has more characteristics of an unfolded state in comparison to the native 
state. This partially unfolded state contains significant secondary structure although it 
lacks well defined tertiary fold. This type of conformational state of a polypeptide 
forms precursor aggregate eventually leading to amyloid formation. A transition fi-om 
a-helix to p-sheet was observed by CD and FTIR. This state forms aggregate which 
were confirmed by ANS and ThT binding. The characterization of such partially 
folded states has important implications for protein folding and aggregation studies. 
Here under appropriate conditions of TFA and TCA, OVA form a partially denatured 
state that is prone to aggregate. 
2.2. Materials and Methods 
2.2.1. Materials 
OVA fi-om Gallus gallus was purchased commercially from Sisco Res. Lab., 
India. Homogeneity was checked by SDS-Polyacrylamide gel electrophoresis 
(Laemmli 1970). All other chemicals used in this study were of analytical grade. 
All the measurements were carried out at room temperature. Typically, protein 
stock solution (5 mg/ml) was prepared in and dialysed against 20 mM phosphate 
buffer pH 7.0 and Glycine HCl buffer pH 2 separately. The concentration of native 
protein in 20 mM phosphate buffer, pH 7 was determined from extinction co efficient 
of 6.99 A/1%/1 cm by the UV absorption at 280 nm on a Hitachi U-1500 
spectrophotometer. 
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2.2.2. Effect of TFA, TCA and K2SO4 on OVA 
Samples of OVA with varying concentration of TFA, TCA and K2SO4 were 
prepared at pH 2 and incubated at room temperature for three hr prior to carrying out 
spectroscopic measurements. 
2.2.3. Fluorescence measurements 
Fluorescence spectra were recorded with a Shimadzu RF 540 
spectrofluorophotometer in a 10 mm path length quartz cell. The excitation 
wavelength was 280 nm and the emission was recorded from 300 to 500 nm. The final 
protein concentration was 4.5 (xM for all fluorescence measurements (Stryer 1968). 
2.2.4. CD measurements 
CD was measured with a JASCO J 810 spectropolarimeter calibrated with 
ammonium D-10 camphorsulfonate. Cells of path length 0.1 and 1 cm were used for 
scarming between 250-190 and 300-250 nm respectively. Each spectrum was the 
average of four scans. Protein concentrations of the samples were typically 4.5 i^ M for 
far UV-CD and 11.50 |iM for near UV-CD studies. The results were expressed in 
MRE. 
2.2.5. Attenuated total reflection FUR 
ATR-FTIR spectra were recorded with a Jasco Fourier transform spectrometer 
in D2O. Each spectrum was the average of 6 scans. Protein concentrations of the 
samples were typically 30 \M.. The scanning wave number was from 1000-4000 cm" . 
2.2.6. Size exclusion chromatography (SEC) 
SEC experiments were performed on a Sephadex G 200 (76 X 1.15) cm 
column. The column was pre-equilibrated with 20 mM glycine HCl buffer pH 2 in the 
presence of TFA, TCA and K2SO4. Two ml of native OVA (3 mg/ml) and OVA at pH 
2 and in the presence of TFA, TCA and K2SO4 were applied to the column and eluted 
at the rate of 20 ml/hr. The eluted fractions were read at 280 nm. The molecular 
weight marker used were GOD (160,000), Con A (104,000), BSA (66,700), a, 
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antitrypsin (52,000), OVA (45,000), lactoglobulin (33,000), chyrnotrypsinogen [Chy] 
(25,500), soyabean trypsin inhibitor [SBI] (20,000), cytochrome c [cyt c] (12,500). 
2.2.7. ThT Assay 
Fluorescence spectra were recorded with a Shimadzu RF 540 
spectrofluorophotometer in a 10 mm path length quartz cell. The excitation 
wavelength was 440 nm and the emission was recorded from 460 to 600 run. Final 
concentration of glycoprotein was 4.5 }iM and that of ThT was 25 |iM prepared in 10 
mM glycine HCl buffer pH 2.0. 
2.2.8. ANS-Fluorescence Measurements 
ANS binding was measured by fluorescence emission spectra with excitation 
at 380 nm and emission was recorded from 400 to 600 rmi. Typically, ANS 
concentration was 100 molar excess of protein concentration and protein 
concentration was in the vicinity of 4.5 ^M (Stryer 1965, Semisotnov et al. 1991, 
Matulis & Lovrien 1998, Matulis et al. 1999). 
2.2.9. Data Analysis 
The folding curves for the D<-^ N transitions were normalized to the apparent 
fraction folded, fN, using the following equation: 
fN = (Y-YD)/(YN-YD) 
Where Y is the observed variable parameter and YN and YD are the values of 
the variable characteristics of the folded and unfolded conformations. The difference 
in free energy between the folded and the unfolded states, AG was calculated by the 
following equations: 
AG =-RT In K =-RT In [(1 -fo) /fo] 
=-RTln[fN/(l-fN)] 
fN = 1 - fo or fN + fo = 1 
Where fN is the fraction folded, fo is the fraction unfolded, K is the 
equilibrium constant, R is the gas constant (1.987 cal/deg/mol), and T is the absolute 
temperature (298 K). fo (fraction of protein denatured) was also calculated (Naeem et 
al. 2006). 
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2.3. Results 
2.3.1. Intrinsic fluorescence 
The intrinsic fluorophore Trp is an excellent parameter to monitor the polarity 
of Trp environment in the protein and is highly sensitive to the surrounding 
environment (Stryer 1968). OVA contains three Trp residues, Trp 148 in helix F, Trp 
184 as the nearest neighbour residue of the C-terminus of strand 3 A, and Trp 267 in 
helix H and 8 tyrosine residues in a single polypeptide chain (Tatsumi et al. 1999). 
Fig. 8a shows the relative fluorescence of OVA as the Hinction of varying; 
concentration of TFA and TCA at pH 2. On increasing the conc(3ntration of TFA and 
TCA, there was decrease in fluorescence intensity. The maximum decrease was 
observed at 20 mM TFA and 30 mM TCA. Relative to TCA, the decrease in 
fluorescence intensity was more in TFA. Bofli curves showed a single-step, two-state,, 
cooperative transition. TFA being a stronger acid induces fast changes as compared to 
TCA. The emission spectrum of native OVA (Fig. 8b) was characterized by emission 
maxima at 336 nm (curve 1). On lowering the pH upto 2, there was roughly -38% 
decrease in fluorescence intensity (curve 3). Addition of 30 mM TCA to acid induced 
state of OVA shows -46% decrease in fluorescence intensity accompanied by a red 
shift of 4 nm i.e. emission maxima at 340 nm (curve 4). Addition of 20 mM TFA 
results -50% decrease in fluorescence intensity with concomitant red shift of 6 nm in 
acid induced state i.e. Xmax 3t 342 nm (curve 5). Such a red shift with concomitant 
decrease in fluorescence intensity is observed for papain and pyruvate kinase (Edwin 
& Jagannadham 1998, Edwin & Jagannadham 2000). This indicate that as the protein 
encounters pH 2, the microenvironment of aromatic amino acid residues is getting 
more polar, accompanied by decrease in fluorescence intensity. This suggested that 
further addition of TCA or TFA to OVA placed the tryptophan residue in a more 
polar environment. The denatured protein (6 M Gdn-HCl) gives rise to emission 
maxima at 352 nm, a red shift of 16 nm with concomitant decrease in fluorescence 
intensity suggesting the presence of a completely unfolded state with all Trp exposed 
to environment (curve 6). On the other hand, addition of 25 mM K2SO4 at pH 2 
produces increase in fluorescence intensity (curve 2). This suggests that salt ions are 
relocating to aromatic amino acid residues as in the native structure. 
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Fig. 8(a). Relative fluorescence of acid unfolded OVA as a function of TFA [•] and 
TCA [•] at pH 2 excited at 280 nm. 
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Fig. 8(b). Intrinsic Fluorescence emission spectra of native OVA (curve 1), acid 
unfolded OVA (curve 3) and in the presence of TCA (curve 4), TFA (curve 5), K2SO4 
(curve 2), and 6 M Gdn HCl (curve 6). The protein concentration was 4.5 |iM and the 
pathlength was 1 cm. 
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2.3.2. CD Measurements 
Far-UV CD: The changes in secondary structure of the acid-induced state of OVA as 
a function of TFA, TCA were followed by far-UV CD by measuring ellipticity at 222 
nm (Fig. 9a). The absorption of TFA and TCA alone was taken into account and here 
reported the subtracted spectra. From acid-induced state to TFA and TCA 
intermediate state transition occurs in the vicinity of 10 mM and 15 mM respectively, 
reflecting the loss of secondary structure. In TFA fluorine is more electronegative 
than chlorine and hence has greater effect on protein in inducing |3-sheet structure. 
Fig. 9b shows the far-UV CD spectra of native OVA (curve 1) and acid-
induced state of OVA (curve 2), with the minima at 222 nm and 208 nm indicating 
the presence of a-helix structure. The spectra of acid-induced glycoprotein obtained in 
the presence of different concentrations (10, 15, 20, 30, 35 mM) of TCA are shown in 
between curves 3 and 7. As can be seen from the figure, on increasing concentration 
of TCA, acid-induced state of OVA retains a-helix upto 20 mM (curve 3-5) and 
becomes P-sheeted with the appearance of peak around 217 nm at 30 mM (curve 6) 
and 35 mM (curve 7). The presence of isodichroic point at 205 nm indicated that this 
transition approximates to a two-state process. 
Fig. 9c depicts the far-UV CD spectra in the 250-190 nm range of acid-
induced state of OVA (curve 1) and acid-induced state of OVA in the presence of 
different concentrations (10, 15, 20, 25 mM) of TFA (curve 2 to 5). Curve 6 
represents 6 M GdnHCl denatured OVA. As can be depicted from the figure, 15 mM 
concentration of TFA result in loss of peaks at 208 and 222 nm (curve 3). At 20 mM 
(curve 4) and 25 mM (curve 5) concentration of TFA, acid-induced state of OVA 
becomes P-sheeted structure with the appearance of peak around 217 nm. 
Addition of 20 mM TFA and 30 mM TCA at pH 2 resulted in a prominent 
peak at 217 nm indicating the appearance of P-sheet structure. Thus, TFA and TC/i 
induce structural transition in OVA from a-helix to P-sheet. The effect was more 
pronounced in TFA than TCA. The change in free energy was calculated and found to 
be 32.35 KJ/mol for 20 mM TFA and 36.58 KJ/mol for 30 mM TCA at pH 2. This 
transition was found to be an irreversible process. The maximum free energy changes 
were found in TFA followed by TCA. 
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Fig. 9(a). Effect of increasing concentrations of acids (mM), i.e., TFA [•], TCA [i 
on OVA at pH 2 as followed by MRE measurements at 222 nm. 
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Fig. 9(b). Far-UV CD spectra of OVA as a function of TCA at pH 2: The 
concentrations of TCA in different spectra from curve 3 to 7 are 10, 15, 20, 30, 35 
mM. Curve 2 was obtained in 20 mM glycine HCl buffer, Curve 1 was obtained in 20 
mM sodium phosphate buffer, pH 7.0. The protein concentration was 4.5 i^M and the 
pathlength was 0.1 cm. 
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Wavelength (nm) 
Fig. 9(c). Far-UV CD spectra of OVA as a function of TFA at pH 2: The 
concentrations of TFA in different spectra from curve 2 to 5 are 10, 15, 20, 25 mM. 
Curve 1 was obtained in 20 mM glycine HCl buffer; Curve 6 represents Gdn-HCl 
denatured OVA. The protein concentration was 4.5 \M. and the pathlength was 0.1 
cm. 
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Near-UV CD: CD spectra in near UV region were used to probe the asymmetry of 
aromatic amino acid environment of OVA (Fig. 10). The near-UV CD spectrum of 
OVA shows a prominent positive band at 290, 280, 270 and 260 nm showing 
asymmetric environment of aromatic amino acid residues (curve 1). The loss of 
significant tertiary structure at pH 2 can be seen by the decrease in band intensity with 
the loss of all the prominent peaks (curve 3). Addition of 25 mM K2SO4 on acid-
induced OVA resulted in retention of CD signal with prominent peaks at 260 nm and 
290 nm. However, in presence of salt ions, the ellipticity values were markedly 
reduced showing a decrease in the asymmetry of the protein tertiary structure (curve 
2). This increase in ellipticity at 260 and 290 nm was approximately 65% of the 
ellipticity observed for the acid induced state of OVA. Addition of TFA or TCA at pH 
2 (curve 4, 5) resulted in further loss of CD signal indicating loss of structure. The 
OVA in 6 M Gdn HCl showed the complete loss of tertiary structure (curve 6). 
2.3.3. FTIR 
Infrared spectroscopy predicts (3-strands much better than a-helices (Arrondo 
et ah 1998). As depicted in Fig. 11, wavenumber analysis between 1,580 and 1,720 
cm"' revealed a peak corresponding to the region of amide band protein (NH-CO). 
The conformational changes observed in acid-unfolded OVA on addition of TFA and 
TCA were evaluated by monitoring amide I band FTIR spectra. Native OVA shows a 
broad peak in the range from 1,636 to 1,656 cm"' indicating the presence of a-helices 
and P-strands (curve 1). On lowering the pH from 7 to 2 (cuiTe 2), there was no 
significant changes in the amide I spectrum. On addition of 20 mM TFA (curve 3) or 
30 mM TCA (curve 4) the concomitant appearance of the two bands at 1,685 and 
1,613cm'' in the amide I region of the IR spectrum suggests that such (3-structures 
results from hydrogen bonding with in the protein aggregates. A peak at 1,613cm' in 
the amide I region, implying, in agreement with the CD spectra, that the aggregated 
species possess extensive P-sheet structure (curve 3 and 4). Significantly, this type of 
infrared spectrum has been shown to be the characteristic of amyloid fibrils (Muga et 
al. 1993,Chitie/a/. 1999). 
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Fig. 10. Near-UV CD Spectra of native OVA (curve 1), acid unfolded OVA (curve 3) 
and in the presence of 20 mM TFA (curve 4), 30 mM TCA (curve 5), 25 mM K2SO4 
(curve 2) and 6 M Gdn-HCl denatured state (curve 6). The protein concentration was 
11.5 ]uM and the pathlength was 1 cm. 
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Fig. 11. ATR-FTIR of native OVA (curve 1), acid unfolded OVA (curve 2) and in the 
presence of 20 mM TFA (curve 3) and 30 mM TCA (curve 4). 
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2.3.4. Gel filtration chromatography 
The gel filtration of OVA at pH 7 on sephadex G-200 column confirms the 
molecular mass of 45,000 daltons (The elution volume corresponds to the molecular 
mass of native OVA). The column was calibrated with molecular markers such as 
GOD, Con A, BSA, al antitrypsin, OVA, lactoglobulin, chymotrypsinogen [Chy], 
soyabean trypsin inhibitor [SBI], lysozyme [ly], cytochrome c [cyt c]. The gel 
filtration analysis at pH 2 showed increase in elution volume and the protein peak 
appears at a position showing a relatively more compact state than the corresponding 
Gdn-HCl denatured state (Fig. 12). Addition of 20 mM TFA and 30 mM TCA at pH 2 
resulted in increase in the elution volume due to the formation of aggregates as 
supported from CD and FTIR data. It is interesting to note that completely unfolded 
protein in 6 M Gdn-HCl is eluted in the void volume. 
2.3.5. ANS Fluorescence 
Hydrophobic probe ANS has been widely used for the characterization of 
molten globule state of proteins (Stryer 1965, Semisotnov et al. 1991, Matulis & 
Lovrien 1998, Matulis et al. 1999). Fig. 13a shows the relative ANS fluorescence as a 
fiinction of concentration of TFA, TCA on acid-induced state of OVA. OVA at pH 2 
in the presence of TFA and TCA showed the decrease in relative ANS fluorescence. 
The decrease was maximum at 20 mM TFA and 30 mM TCA. Both curves were 
single-step two-state and showed a cooperative transition. TFA has more negativ(; 
inductive effect, hence has more pronounced effect then TCA. 
Comparative ANS fluorescence emission spectra in the 400-600 nm range are 
shown in Fig. 13b. OVA at pH 7 shows the negligible ANS binding (curve 6). The 
acid induced state of OVA has high affinity for ANS than the native state. 
Acidification of OVA opened more hydrophobic regions of the protein making them 
available for ANS binding. As can be seen, binding of ANS to the acid induced state 
produced a large increase (8 fold compared to the native OVA) in fluorescence 
intensity accompanied by a blue shift in fluorescence maxima from 520 nm to 480 nm 
(curve 1). OVA in the presence of 20 mM TFA (curve 3) or 30 mM TCA (curve 2) at 
pH 2 showed decrease in fluorescence intensity with red shift of 10 nm in emission 
maximum i.e. Xmax at 490 nm. Loss of signal in near-UV CD and decrease in ANS 
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Fig. 12. Gel filtration on sephadex G-200 of OVA at pH 7, pH 2 and in presence of 20 
mM TFA and 30 mM TCA [•]. The protein concentration was 3 mg/ml. The native 
protein was eluted in phosphate buffer pH 7, the unfolded protein with 6 M Gdn-HCl, 
pH 2 buffer and the acid unfolded state, TCA induced state and TFA induced state in 
glycine HCl pH 2. 
47 
Chapter II 
at 
o 
o 
CO 
< 
142 
132 
122 
112 
-g 102 
a: 
912 
82 
\ \ 
n 
X 
1 1 
a 
10 15 20 
Concentration (mM) 
25 3 0 35 
Fig. 13(a). Relative ANS fluorescence of OVA at pH 2 in presence of TFA [•] and 
TCA [•]. 
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Fig. 13(b). ANS fluorescence emission spectra of ANS bound to native OVA (curve 
6), acid induced state of OVA (curve 1) and in the presence of 30 mM TCA (curve 2), 
20 mM TFA (curve 3), 6 M Gdn-HCl (curve 4), and K2SO4 (curve 5). Excitation 
wavelength was 380 nm. The protein concentration was 4.5 \iM and the pathlength 
was 1 cm. 
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fluorescence intensity may be attributed to the unfolding of ANS binding sites or 
burial of the binding sites by aggregation. In the presence of 6 M Gdn HCl (curve 4), 
the emission maximum was observed at 500 nm with decrease in ANS binding. These 
results imply that TFA and TCA induce a partially folded state that tends to 
aggregate. 
In the presence of 25 mM K2SO4, ANS fluorescence emission maxima was 
obtained at 500 nm (curve 5) with regain in CD signal suggesting ordering of 
hydrophobic regions of the protein which produces the conformation that is close to 
the tertiary structure of the protein. The loss in ANS binding can be attributed to the 
burial of hydrophobic regions in the interior of the protein and hence making them 
less accessible to the ANS dye. This suggests that in the presence of K2SO4, the ANS 
fluorescence emission approached that of ANS free in water i.e. from 500 imi whicJi 
is a characteristic of ANS bound protein to 480 nm, which is a characteristic of free 
ANS. These results suggest that the OVA at low pH and in the presence of salts exist 
in a partially folded state characterized by native like secondary structure and tertiary 
folds. 
2.3.6. ThT fluorescence 
The P-sheet structure and high hydrophobic residues of OVA observed in 
presence of 20 mM TFA and 30 mM TCA were further analyzed for aggregation. This 
was assessed by using ThT, a dye that specifically binds to ordered (3-sheet aggregates 
(Fig. 14). OVA at pH 2 in presence of various concentrations of TFA and TCA was 
incubated for 3 hr. The samples were then subjected to the ThT assay so as to revetd 
the presence of aggregates with a relatively ordered organization. Although the 
samples incubated in the absence or presence of low TFA or TCA concentrations did 
not show an increase in ThT fluorescence. Samples at 20 mM TFA (curve 1) and 30 
mM TCA (curve 2) showed 120 times higher enhancement than that observed for the 
native glycoprotein (curve 4). OVA at pH 2 also showed some aggregation (20 times 
enhancement). 
From the fluorescence, far UV-CD spectra, near UV-CD spectra, FTIR 
spectra, SEC, ANS binding and ThT binding, it can predict that TFA and TCA induce 
a state which has the characteristics of unfolded state and K2SO4 induces a state 
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Fig. 14. Increase of ThT fluorescence on binding aggregates on addition of 20 mM 
TFA (curve 1) and 30 mM TCA (curve 2) and acid induced state of OVA alone (curve 
3). The spectrum obtained after incubating the native protein in the absence of TFA or 
TCA as control (curve 4). The protein concentration was 4.5 i^ M and the pathlength 
was 1 cm. 
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which hes close to native. The partially folded state observed in presence of TFA and 
TCA tends to aggregate. Characterization of such partially folded state has important 
implications for protein folding. 
2.4. Discussion 
Protein folding is the process by which amino acid sequence of a protein 
determines the three-dimensional conformation of the functional protein. The 
elucidation of the molecular mechanism of protein folding from a disordered 
polypeptide chain to specific native state, that is deciphering the second half of 
genetic code (Jaenicke 1991), remains one of the major challenges in biochemistry 
(Hartl 1996). Aggregation process is considered as process acting in competition with 
the normal folding pathway. Native protein and the amyloid aggregates can therefore 
be seen as originating from a common population of partially unfolded, 
interconverting molecules. Protein aggregation is associated with a number of human 
pathologies including Alzheimer's, Creutzfeldt-Jakob diseases and the systematic 
amyloidoses. 
Kaufftnann et al. reported transition from a-helix to P-sheet in P-lactoglobuli.n 
using a diffusive IR mixer (Kauffmann et al. 2001). P-Lactoglobulin is an important 
model system for their study; because it represents a protein thiat would be predicted 
by modeling to be a-helix rather than |3-sheet. OVA can also be an important model 
system to study helix/sheet transitions, because it represents a protein that has almost 
equal % of a-helix and P-sheet i.e. 30.6% a-helix and 31.4% p-strand. An erroneous 
transition from a-helix to P-sheet structures has fatal consequences in prion and other 
amylogenic diseases. Because these distinct conformations are both highly compact, 
an important study can be interconversion of a-helix to P-sheet structural changes. 
The systematic investigation of the effects of TFA and TCA on OVA from 
Gallus gallus was made using steady state Trp fluorescence, CD, FTIR, gel filtration 
chromatography and ANS fluorescence. This work pointed out the presence of 
partially folded intermediate states. The results imply that TFA and TCA induced a 
partially folded state which tends to aggregate. In the presence of K2SO4, OVA at pH 
2 exist in a partially folded state characterized by native-like secondary structure and 
tertiary folds. This suggests the presence of various intermediate states, from one 
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close to the fully unfolded state to the one close to the native state of OVA depending 
on the different environment created. 
Addition of TFA and TCA on acid induced state of OVA resulted in the 
appearance of a peak at 217 nm, a characteristic of (3-sheet structure as evident from 
far-UV CD results. This result was ftirther confirmed by band appearance at 1,613 
cm"' on addition of TFA or TCA to acid-induced state indicating loss of a-helix and 
appearance of P-sheet structure in FTIR analysis. Reduction in ANS binding in the 
presence of TFA and TCA at pH 2 indicated the burial of hydro])hobic residues due to 
aggregation. This was further confirmed by loss of signals in near-UV CD spectra. 
From the spectroscopic techniques used it can be conclude that existence of an 
intermediate state at 20 mM TFA and 30 mM TCA that has fl-sheet like secondary 
structure and loss of tertiary structure with altered tryptophan microenvironment. ThT 
confirms the presence of aggregates. Thus, TFA and TCA generate aggregation-prone 
partially unfolded states of OVA. SEC confirms that this state forms aggregates. 
Characterization of such partially folded states has important implications for protein 
folding and aggregation studies. The conformational stabilities of intermediate states 
are different from those of the native state with the stability mechanism of the formex 
being simpler than the latter, because of the absence of specific interactions. K2SO4 
(salt anions) are known to induce native structure in proteins. In this study, as 
predicted, 25 mM K2SO4 induced native like tertiary structure in acid induced state of 
OVA. Loss in ANS binding with the appearance of signal in near-UV CD results 
indicates the presence of ordered hydrophobic residues. Thus, this intermediate state 
lies close to the native state. From this study, OVA is included in Type II group 
classified by Fink et al (1994). Similar studies have been reported with denaturant as 
temperature or urea for studying intermediates of OVA (Tani et al. 1997, Klausner et 
al. 1983). They found that loss of secondary structure occurs at high denaturant 
concentration and the process was reversible. But the renatured state was not similar 
to native glycoprotein. 
The overall sequence of intermediates in this study can be predicted as: 
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Native -> acid-induced state (pH 2) -> partially folded state in presence of K2SO4 
i 
Partially unfolded state in presence of TFA or TCA that tends to aggregate 
6 M Gdn-HCl (Unfolded state) 
These results indicate that specific changes in the micro(;nvironment can make 
the transition between compact structures much more likely because the protein does 
not have to unfold. It may be postulated that a hydrophobic microenvironment is 
generally a crucial factor in helix/sheet transitions and for formation of aggregates. 
The findings reported here, along with the previous observations of fibrils formed by 
SH3 domain at low pH (Lai et al. 1996), shows that amyloid fibril formation is not 
simply a feature of few proteins found in the amyloid plaques that accumulate in vivo. 
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The non enzymatic reaction between reducing sugars an(i with amino groups 
of Lys residues of proteins is known as Maillard reaction. In vitro incubation of 
proteins with sugars generates a variety of products that are collectively described as 
AGEs. AGEs are also formed in vivo especially in case of long lived proteins such as 
collagen and eye-lens proteins. In vivo AGEs formation is one of the factors 
facilitating diabetic complications, renal insufficiency (Bucala et al. 1994) and 
Alzheimers disease (Vitek et al. 1994). Cellular interactions with proteins having: 
AGEs induce several biological responses including endocytic uptake as well as 
degradation, induction of cytokines and growth factors. These responses are in turn 
linked to the development of diabetic vascular complications (Tseng et al. 2011). 
Studies on HSA, haemoglobin, a series of intracellular enzymes and proteins 
suggested that glycated proteins function differently as compared to their non glycated 
forms (Yang et al. 2011). HSA fiinctions as a carrier for a wide variety of ligands 
ranging fi-om metals, fatty acids, amino acids, hormones, metaljolites like bilirubin, 
hemin and a large spectrum of therapeutic compounds. HSA is a major contributor to 
the oncotic pressure of blood (He & Carter 1992). According to one study nearly 10% 
of the HSA in circulation is modified by glycation in normal adults and the rate of 
glycation increases 2 to 3 fold under hyperglycemic condition as those observed in 
diabetes (Guthrow et al. 1979). Analysis of sera of healthy and diabetic individuals 
using Boronate affinity tips revealed a peptide with a mass of 1783.9 Da only in 
samples of diabetic patients which according to the researche;rs can be used as a 
biomarker (Takatsy et al. 2009). HSA modified with methylglyoxal showed 
remarkable gain in the molecular weight and net negative charge, whereas glucose 
caused only a small increase in the molecular weight even after incubation with the 
protein for over 4 weeks (Mera et al. 2009). 
Glycation of proteins alters their native conformation and generates partially 
folded states contributes to the loss of biological activity (Naeem & Fazili 2011). 
Electrostatic repulsion, hydrophobicity and secondary structure propensity have been 
shown to have a major influence on the tendency of partially folded proteins to 
aggregate (Naeem et al. 2011) and in turn form amyloid fibrils (Fink 1998). Many 
human pathological conditions are attributed to the extracellular deposition of 
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insoluble amyloid fibrils (Wang & King 2010, Xie et al. 2010), The amyloid fibrils 
show a common ultra structural architecture, independent of the protein involved in 
their formation and are enriched in intermolecular P-sheet structure (Sunde & Blake 
1997). This prompted us to explore the ability of HSA to assemble into amyloid like 
fibrils in vitro. 
Studies were carried out on the progression of Maillard reaction in vitro for 
HSA over a period of 28 days in order to observe the changes occurring at the later 
stages of glycation (Iberg & Fluckinger 1986) with a view to examine whether 
glycation induces the intermediate states vulnerable to aggi-egation or not. An 
intermediate state was observed using CD spectroscopy in which there was a-helix to 
P-sheet transition that readily aggregated and was further confirmed by ANS as well 
as ThT binding. Characterization of the partially folded state; in our opinion has 
important implications in protein folding and aggregation. 
3.2. Materials and methods 
3.2.1. Chemicals 
Chemicals were purchased fi-om the following suppliers: Sigma (USA), HSA 
(lyophilized powder), TNBS; SRL (India), glucose (Glc), fructose (Fru), mannose 
(Man) and ribose (Rib). The homogeneity of HSA was confirmed by SDS-PAGE. All 
other chemicals used in this study were of analytical grade. 
3.2.2. Glycation of HSA 
Glycation was induced by incubating HSA (2 mg/ml) in 0.02% sodium azide, 
20 mM phosphate buffer (pH 7.2) containing with Glc (0.2 M), Man (0.2 M), Fru (0.2 
M) and Rib (0.2 M) for (1-4 weeks) at 37 °C. Pure HSA in absence of sugars was 
incubated under the same conditions and was used as a control. Buffers and all 
glasswares were autoclaved and then incubation was performed under sterile 
condition. After incubation the samples were extensively dialysed against PBS at 4 
°C, aliquoted and stored at -20 °C, if required. Protein concentration was determined 
using the procedure described by Lowry et al. (1951). 
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3.2.3. Fluorescence and UV measurements 
Fluorescence and UV data were recorded with a RF-1501 
spectrefluorophotometer (Shimadzu Co. Japan) and UV mini 1240 spectrophotometer 
(Shimadzu Co. Japan). The protein concentration used for fluorescence was 100 
i^g/ml and 300 |ig/ml for UV data. The fluorescence of Trp residues was monitored by 
exciting the samples at 280 nm and emission spectra recorded from 300-450 nm. 
Fluorescence of malonadialdehyde and pentosidine were also monitored by exciting 
the samples at 370 and 335 nm and by emitting emission at 440 and 400 nm, 
respectively (Yamamoto et al. 2002, Hand et al. 2007). 
Excitation spectra for HSA-AGEs and control were recorded at emission 
wavelength of 440 nm in excitation wavelength range of 250-42:0 nm. UV spectra of 
all samples were recorded from 200 to 400 nm for which relative absorbance was 
recorded. 
3.2.4. Gel electrophoresis 
HSA incubated in the presence or absence of sugars was subjected to 
polyacrylamide gel electrophoresis using 10% acrylamide, according to the method of 
Laemmli (1970) and then visualized by staining with coomassie brilliant blue. 
3.2.5. CD studies 
CD spectra were recorded on a Jasco 810 spectropolarimeter at 25 °C. Far-UV 
CD was used to measure the changes in the secondary structure of HSA samples (0.3 
mg/ml) in 20 mM phosphate buffer (pH 7.2). Protein samples were placed in 
cylindrical quartz/cuvettes of path length 1 mm. Far-UV CD spectra were recorded at 
a scan rate of 20 nm/min while the near-UV ones (1 mg/ml) were recorded at 50 
nm/min. Recording of spectra was carried out by subtracting appropriate buffer blanks 
and smoothed by noise reduction. CD measurements were performed on HSA 
samples withdrawn every week from the reaction mixture under incubation for 4 
weeks kept at 37 °C. 
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3.2.6. Determination of free amino groups 
Free amino groups of the HSA under incubation were measured using TNBS 
procedure described by Haynes et al. (1967). To 0.2 ml of glycated protein, 1.8 ml of 
sodium tetraborate buffer pH 9.3 was added. Further 10 |il of 0.13 M TNBS solution 
was added. The reaction mixture thus formed was incubated at 37 °C for 30 min. The 
absorbance of the solution was recorded at 420 nm against a blank. 
3.2.7. ANS-Fluorescence Measurements 
ANS binding was measured by studying the fluorescence emission spectra 
obtained upon exciting the samples at 380 nm and recording the emission between 
400 and 600 nm. ANS concentration was taken as 100 molar excess of protein 
concentration which was 4.5 |iM (Haghani et al. 2011, Sen & Mandal 2011, Prasanna 
Kumari & Jagannadham 2011). 
3.2.8. ThT assay 
Fluorescence spectra were recorded with a Shimadzu RF 540 
spectrofluorophotometer in a 10 mm path length quartz cell. The excitation 
wavelength used was 440 nm and the emission was recorded from 460 to 600 nm. 
Final concentration of ThT was five times of the protein concentration. 
3.2.9. Statistics 
Data are expressed as means ± standard deviation. k\\ experiments were 
performed independently at least three times. Statistical analysis was performed with 
one-way ANOVA software. 
3.3. Results 
3.3.1. Fluorescence analysis 
The fluorescence spectra of native HSA and incubated in presence of sugars 
recorded at an excitation wavelength of 335 nm (Fig. 15a). Incubation of HSA with 
sugars resuhs in an increase in fluorescence as compared to control. The spectra 
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follow a single step co-operative transition. Fig. 15a suggests the temporal 
accumulation of AGE components such as pentosidine between 2-3 week. However 
there was no further increase in fluorescence after week 3. Fru was found to be the 
most reactive among the sugars studied as is evident by maximum pentosidine 
formation in the HSA modified with sugars. For an emission at 440 nm peaks were 
obtained at an excitation wavelength of 348 nm (Fig. 15b). Furthermore, at an 
emission of 440 nm Fru modified HSA illustrates highest fluorescence. Fluorescence 
of sugars modified HSA at an emission of 440 nm were in the order of Fru modified 
HSA > Rib modified HSA > Man modified HSA > Glc modified HSA. 
The fluorescence spectra recorded at an excitation wavelength of 370 nm for 
malondialdehyde formation has been shown in Fig. 15c. The spectra suggest a single 
step co-operative transition. As is evident from the figure, malondialdehyde formation 
was elevated between week 2 to week 3 after that slight increase was observed. Fru 
was again found to be effective in inducing the formation of malondialdehyde. 
Intrinsic fluorophore Trp is an excellent parameter to monitor the polarity of 
Trp environment in the protein and is highly sensitive to the surrounding environment 
(Ge et al. 2011). The time dependence plot of the Trp fluorescence intensity explains 
the variation, the rise and fall in fluorescence represent changes in protein structure in 
presence of different sugars as revealed by Fig. 15d. Beyond week 2 a decrease in 
fluorescence intensity accompanied by a red shift of 5 nm i.e. emission maxima at 345 
nm was observed. The maximum decrease was observed in case of Fru modified HSA 
in week 3, most probably due to dislocation of Trp. Fluorescence data confirms that 
Fru induces major changes followed by Rib, Man and Glc. Hence, it can be concluded 
that Glc is less reactive and Fru is highly reactive. 
3.3.2. UV absorbance 
Relative UV spectra of sugar modified HSA derived from different modifiers 
is shown in Fig. 16 in which marked difference in the peaks were found. UV 
absorbance of sugar modified HSA diminishes rapidly between week 2 and 3 after 
that no change was observed on extension of incubation to week 4. Fru modified HSA 
showed maximum decline in absorbance as compared to other sugars, substantiating 
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Fig. 15. Relative fluorescence intensity versus time of incubation (weeks) of control 
HSA (•) with Glc (•), Fru (A), Man (x) and Rib (o) (Peaks achieved at respective 
weeks are plotted). All the data has been expressed in the mean ± SD of three 
individual samples. Significantly different at p < 0.05. (a) At excitation wavelength 
335 nm, emission range 350-500 nm. (b) At emission wavelength 440 nm, excitation 
range 250-420 nm. 
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Fig. 15. Relative fluorescence intensity versus time of incubation (weeks) of control 
HSA (•) with Glc (•), Fru (A), Man (x) and Rib (o) (Peaks achieved at respective 
weeks are plotted). All the data has been expressed in the mean ± SD of three 
individual samples. Significantly different at p < 0.05. (c) At excitation wavelength 
370 nm, emission range 390-550 nm. (d) At excitation wavelength 280 nm, emission 
range 300-450 nm. 
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Fig. 16. Relative Absorbance versus time of incubation (weeks) of control HSA (•) 
with Glc (•), Fru (A), Man (x) and Rib (o) at wavelength range 200-400 nm (Peaks 
achieved at respective weeks are plotted). All the data has been expressed in the mean 
± SD of three individual samples. Significantly different at p < 0.05. 
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the observation made with fluorescence measurement of the study. Fig. 16 reveals 
that absorbance of sugar modified HSA decreases markedly with increasing time. 
From the absorbance data, it can be concluded that absorbance between 200 to 400 
nm can be used to follow the sugar induced alterations in proteins. 
3.3.3. PAGE analysis 
Electrophoretic migration in the native PAGE allows the evaluation of 
modifications in a protein (Chesne et al. 2006). Fig. 17 demonstrates the PAGE 
analysis of HSA incubated with various sugars for four weeks. HSA which was not 
exposed (control) to the sugars migrated as a single band initially (Fig. 17a) whereas 
longer incubation at 37 °C resulted in appearance of an additional minor band (Fig. 
17b). Clear alterations in the electrophoretic behaviour were evident on exposure of 
HSA to sugars. In week 1 (Fig. 17a) broad protein band was found as compared to 
week 2 (Fig. 17b). Decrease in the intensity of protein band was observed in week 2 
as compared to week 1. Fig. 17c demonstrates that the bands of sugar incubated HSA 
moved faster indicating that the reduced sugars got attached to the amino groups of 
HSA and as such decreased the positive charge on protein surface. Alteration in the 
migration profiles were more marked after three week of incubation suggesting the 
formation of molten globule state of HSA. In week 4 glycated samples showed 
changes in protein structure at advanced stages of glycation. Fig. 17d signifies the 
cross linking of HSA with reducing sugars thus suggesting the reason for appearance 
of two sharp bands. Comparison of the time scale gives the evidence that the kinetics 
of structural changes induced by Glc is much lower than that caused by Fru. In week 4 
glycated samples, changes were implied in protein structure at the advanced stages of 
glycation. 
3.3.4. CD 
In order to evaluate possible alteration in the secondary structure of the sugar 
incubated HSA, CD spectra in the range of 200-250 nm were analyzed. HSA 
spectrum exhibited minima at 208 nm and 222 nm, which are indicative of the helical 
content of the protein. Incubation of HSA with sugars leads to a decrease in the 
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Fig. 17. Native gel pattern showing changes in HSA as a result of modification by 
sugars with respect to control. The lanes from left represent control (1^' Lane), Glc 
modified HSA (2"'' Lane), Fru modified HSA (3'" Lane), Man modified HSA (4* 
Lane) and Rib modified HSA (5*'' Lane), (a) HSA incubated with sugars for 7 days, 
(b) 14 days. 
64 
Chapter III 
\ 
I 2 3 4 5 
#4* 
,.-_ „j^ 
4^|M|^^^ 
2 3 4 
<«i^ 
'^ Mi flM' HHUI^  ^^ iMli 
Fig. 17. Native gel pattern showing changes in HSA as a result of modification by 
sugars with respect to control. The lanes from left represent control (1^' Lane), Glc 
modified HSA (2"'' Lane), Fru modified HSA (3''' Lane), Man modified HSA (4"' 
Lane) and Rib modified HSA (5"'Lane), (c) 21 days, (d) 28 days. 
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negative CD signal at 208 nm and 222 nm as compared to control in the first week 
(Fig. 18a). This negative CD signal at 208 nm and 222 rmi started decreasing sUghtly 
with time in HSA samples incubated with sugars. Week 2 incubated samples (Fig. 
18b) showed decrease in CD signal as compared to week 1. Samples incubated for 
three weeks (Fig. 18c) revealed CD signals comparable to the control sample, which 
could possibly be due the molten globule state of HSA. Further incubation with sugars 
showed a gradual disappearance of the minima at 208 and 222 nm and after week 4 
(Fig. 18d) there was disappearance of negative CD signal at 208 md 222 nm with the 
appearance of minima at 217 nm occur which indicated the presence of P-sheet 
structure. The result thus indicates the a-helix to P-sheet transformation between 
weeks 3 and 4. 
Near-UV CD spectra of four weeks of HSA incubated with Glc, Fru, Man and 
Rib have been shown in Fig. 19. The CD spectrum in the near-UV region was used to 
probe the asymmetry of the proteins aromatic amino acid environment. As shown in 
Fig. 19a, near-UV CD spectra of HSA depicted characteristic minima at 262 and 268 
nm with two shoulders near 276 and 283 nm (Sjoholm & Ljungstedt 1973, Sjodin et 
al. 1977, Uversky et al. 1997). Incubation with the sugars caused a drop in the 
negative ellipticity upto two weeks (Fig. 19b). HSA incubated with sugars for three 
weeks (Fig. 19c) not only showed decrease in negative ellipticity but it also revealed 
clear double minima at 262 and 268 rmi probably due to the formation of predicted 
molten globule state. Almost complete loss of signals after extension of the incubation 
for 4 weeks may suggest aggregation of HSA (Fig. 19d). This observation supports 
the results of far UV-CD spectrum on the time dependent afterations. 
3.3.5. Determination of free amino groups 
HSA incubated with various sugars for 1-4 weeks was also studied for the loss 
of free amino groups. Free amino groups content in glycated HSA decreased 
significantly in response to incubation with sugars (Fig. 20). As shown in Fig. 20, the 
extent of modification induced by various sugars was comparable after one week of 
incubation but incubation for longer duration with various sugars led to marked 
variation in the amino group modification. The loss of free ammo groups of glycated 
HSA in week 1 is same in case of Glc, Fru, Man and Rib modified HSA but in week 2 
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Fig. 18. Far-UV CD spectra showing changes in secondary stmcture of HSA during 
the progress of glycation reaction. Control HSA (curve 1) and incubated with Glc 
(curve 2). Fru (curve 3), Man (curve 4) and Rib (curve 5). Arrov/ indicating beginning 
from upper spectra and ends upto lower spectra, (a) HSA incubated with sugars for 7 
days, (b) 14 days. 
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Fig. 18. Far-UV CD spectra showing changes in secondary stracture of HSA during 
the progress of glycation reaction. Control HSA (curve 1) and incubated with Glc 
(curve 2), Fru (curve 3), Man (curve 4) and Rib (curve 5). Arrov/ indicating beginning 
from upper spectra and ends upto lower spectra, (c) 21 days, (d) 28 days. 
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Fig. 19. Near-UV CD spectra of control HSA (curve 1) and incubated with Glc (curve 
2), Fru (curve 3), Man (curve 4) and Rib (curve 5) in the near-UV region from 1 to 4 
weeks. Arrow indicating beginning from upper spectra to lower spectra, (a) HSA 
incubated with sugars for 7 days, (b) 14 days. 
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Fig. 19. Near-UV CD spectra of control HSA (curve 1) and incubated with Glc (curve 
2), Fru (curve 3), Man (curve 4) and Rib (curve 5) in the near-UV region from 1 to 4 
weeks. Arrow indicating beginning from upper spectra to lower spectra, (c) 21 days, 
(d) 28 days. 
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Fig. 20. Amino group is determining by using TNBS which binds to free amino 
groups and gives absorbance. Percent decrease in amino groups verses time of 
incubation (weeks) of HSA with Glc (•), Fru (A), Man (•) and Rib (o) (Peaks 
achieved at respective weeks are plotted). All the data has been (Expressed in the mean 
± SD of three individual samples. Significantly different at p < 0.05. 
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Fru modified HSA caused 18% loss of free amino groups. This indicated that Fru was 
the most reactive sugar in week 2. Glc was found to be the least reactive sugar in 
week 3. In week 4, Fru, Man and Rib modified HSA lost around 26% of amino group 
but Glc modified HSA lost only 15% of amino groups. It clearly showed that as the 
time increases there was a decrease in the amino group of modified HSA, as shown by 
%) decrease in free amino groups as compared to control HSA in Fig. 20. 
3.3.6. ANS Fluorescence 
The hydrophobic probe ANS has been widely used in the characterization of 
molten globule state of proteins (Haghani et al. 2011, Sen & Mandal 2011, Prasanna 
Kumari & Jagannadham 2011). ANS fluorescence intensity increased upto week 3 
and declined subsequently (Fig. 21). Glycation of HSA apparently opened 
hydrophobic regions of the protein making them available for ANS binding. Binding 
of ANS to HSA incubated with sugars for 3 weeks resulted in maximum fluorescence 
intensity accompanied by a blue shift in spectra maxima from 470 run to 460 nm, 
presumably due to the formation of molten globule state of HSA. When incubation 
was prolonged to 4 weeks, decline in ANS binding was observed at 478 nm (red shift 
of 8 nm). Thus these results further suggest that extended treatment with sugars 
resulted in the aggregation of partially folded state of HSA. Taking into consideration 
the loss of signal in near-UV CD, the observed decrease in ANS fluorescence may be 
attributed to the disruption of ANS binding sites or their burial due to aggregation. 
3.3.7. ThT fluorescence 
ThT is an amyloid-specific dye and shows the fluorescence on excitation at 
440 nm upon binding with amyloid fibrils but not to native state of protein with 
emission maxima around 482 nm (LeVine 1999). Initial studies as depicted in Fig. 22 
indicate that the incubation with sugars enhances formation of HSA aggregates. An 
increase in ThT fluorescence was recorded upto 4 week. The native protein and the 
amyloid aggregates can therefore be seen as originating from a common population of 
partially folded and interconverting molecules. Major increase in ThT fluorescence 
occurs between week 3 and 4 suggesting that aggregation becomes prominent when 
the partially folded states of HSA were formed after 3 weeks of incubation 
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Fig. 21. Relative ANS fluorescence of HSA versus incubation time (weeks) of HSA 
(•) with Glc (•), Fru (A), Man (x) and Rib (o) (Peaks achieved at respective weeks 
are plotted). All the data has been expressed in the mean ± SD of three individual 
samples. Significantly different at p < 0.05. 
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Fig. 22. ThT fluorescence of HSA versus incubation time (weeks) of HSA (•) with 
Glc (•), Fru (A), Man (x) and Rib (o) (Peaks achieved at respective weeks are 
plotted). All the data has been expressed in the mean ± SD of three individual 
samples. Significantly different at p < 0.05. 
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Far UV-CD spectra, near-UV CD, fluorescence, ANS binding and ThT 
binding results can predict the formation of partially folded intermediate states of 
HSA that gradually occurs on incubation with sugars. Partially folded form appears to 
have the propensity to aggregate on further incubation. 
3.4. Discussion 
Fluorescence, CD, PAGE, ANS binding and ThT were used to study the 
sequence of structural changes associated with in vitro glycation of HSA. AGE 
specific fluorescence has been previously reported (Lo et al. 1994, Westwood & 
Thomalley 1995, Led ere & Birlouez-Aragon 2001). It is widely used for the 
detection of AGEs and for following the onset of AGE formation in vitro and in vivo 
(Valencia et al. 2004, Nagai et al. 2000). 
In addition to AGE-specific fluorescence, intrinsic protein fluorescence can be 
used to characterize AGE-modified proteins. A decrease in intrinsic protein 
fluorescence caused by Trp has been previously reported by Cussons et al. (1997) for 
Glc-modified HSA. Their experiments revealed a strong decrease in intrinsic protein 
fluorescence with increasing Glc concentration as is evident from this study also, 
decrease in intrinsic fluorescence takes place as the time of incubation increases (Fig. 
15d). Therefore the decrease in Trp fluorescence should be due to the conformation 
changes in the protein. Still, the easiest way to follow AGE formation was found to be 
the detection of absorbance of the modified samples. The spectra that were recorded 
from all modified samples imply that every wavelength betAveen 200-400 nm is 
suitable for detection of modification with the highest sensitivity at the shorter 
wavelengths. 
Results of relative absorbance are consistent with the results of intrinsic 
fluorescence of sugars modified HSA. h cleariy showed that decrease in absorbance 
has taken place in week 3 (Fig. 16). Electrophorefic behaviour of glycated HSA 
changes with increase in time. Band shift has taken place in v/eek 3 (Fig. 17c) and 
decrease in intensity of glycated HSA band has taken place in week 4 (Fig. 17d). 
It has been suggested that the increase in glycation can alter the ability of HSA 
to bind to drugs and other small solutes (Joseph & Hage 2010). Glycation of HSA 
may alter its ability to bind various drugs and small solutes in blood (Bamaby et al. 
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2010). Samples after week 1 proceed with more Maillard reaction and production of 
AGEs. AGEs are stable ketoamine and therefore have a definite effect on protein 
structure. AGEs degrade into a variety of carbonyl compounds (glyoxal, 
methylglyoxal, deoxyglucosone, etc) which are much more reactive than the sugars 
fi-om their parent sources. As was in vivo (LapoUa et al. 2005), in this stage carbonyl 
materials separate fi-om protein, can act as propagators and again react with the fi-ee 
amino groups of proteins. Beta-cyclodextrin and trehalose reduced AGEs and 
nanofibril formation of HSA under in vitro glycation conditions and improved its 
helical structure. These were accomplished through direct interactions with HSA and 
alterations in solute-protein interactions (Sharifi et al. 2009). 
The importance of HSA as a carrier protein along with its aggregation 
propensity makes it a good target for studies relating to glycation and protein 
aggregation. Following the idea that a partial destabilization is required for this 
process to occur (Hu et al. 2008), the progress of fibril formation for HSA solutions in 
the presence of sugars was monitored. The native protein and the amyloid aggregates 
can therefore be seen as originating from a common population of partially folded and 
interconverting molecules. Protein aggregation is associated with a number of human 
pathologies including Alzheimer's and Creutzfeldt-Jakob diseases and the systematic 
amyloidoses. This work advocates the formation of partially folded intermediate states 
of HSA, after incubation with sugars. The results imply that sugars induced a partially 
folded state in week 3 that tends to aggregate in week 4. 
Glycation of HSA in its week 4 resulted in the appearance of a peak at 217 
ran, a characteristic of P-sheet structure as evident from far-UV CD (Fig. 18d). Loss 
in ANS binding in week 4 (Fig. 21) indicated the burial of hydrophobic residues 
probably due to aggregation, as signal in near-UV CD spectra was lost (Fig. 19d). 
Furthermore, ThT fluorescence confirms the presence of the aggregates (Fig. 22). 
Results indicate that changes in the microenvironment of HSA resulted in transition 
from compact structures to aggregated state. It may be postulated that a hydrophobic 
microenvironment is generally a crucial factor in helix/sheet transitions and also for 
the formation of aggregates. It should be fairly considered that change in the structure 
of HSA take place during the process of glycation. This work will facilitate a further 
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understanding of the conformational changes and aggregation of proteins in the 
presence of sugars which is very similar to the hyperglycemic conditions in the 
diabetic patients. -l*''^ " '^*'"' '^"' " '"-'*'.' '-'V 
il si 
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Glycation promotes the formation 
of genotoxic aggregates in glucose 
oxidase 
Amino Acids (2011) 
Chapter IV 
4.1. Introduction 
Over the past few years, there has been a growing interest in studying the 
effect of reducing sugars on protein structural properties (Corzo-Martinez et al. 2010). 
The non-enzymatic interaction between reducing sugars with amino groups of the Lys 
residues in proteins is generally known as Maillard reaction and it is considered to be 
extremely important in food science (Myung-Chan et al. 2010). Protein cross linking 
by glycation results in the formation of detergent insoluble and protease-resistant 
aggregates (Usha et al. 2010). The interaction comprises a complex network of 
reactions that results in the formation of both large protein aggregates and low 
molecular weight products that are believed to impart varied flavour, aroma and 
colour characteristics found in foods. Globule-like protein aggregates (pro-amyloid 
fibrils) have been documented to be toxic to neurons (Sanghera et al. 2008). 
Aggregation and/or glycation may seriously affect protein structure, function and 
stability. 
The formation of molten globule like state has been reported during the 
progression of glycation reaction in vitro (Chen et al. 2010). The final step consists of 
crosslink formation between products in which heterogeneous structures called AGEs 
(Brouwers et al. 2011) are formed. Subsequent reactions (e.g., dehydration, oxidation, 
condensation) result in the irreversible formation of a heterogenous group of 
compounds (Schleicher et al. 2001). AGEs were found to induce DNA damage in pig 
kidney cells (Stopper et al. 2003). Also report on the non-enzymatic reaction of 
glucose in Alzheimer's disease, to form AGEs on long-lived protein deposits, which 
induce oxidative stress and subsequently disturb glucose metabolism has been 
established (Munch et al. 1998). Glycation alters the biological activity of proteins 
and their degradation processes. However, the characteristics and cytotoxicity of 
molten globule-like protein states induced by glycation have not been clarified yet. 
GOD ((3-D-glucose: oxygen-1-oxidoreductase, EC 1.1.3.4) is a homodimeric 
enzyme (Kriechbaum et al. 1989). It is a hydrogen peroxide-generating flavoprotein, 
catalyzing the oxidation of p-D-glucose to D-glucono-1, 5-lactone. It is used in the 
food industry for the removal of glucose from powdered eggs, as a source of hydrogen 
peroxide in food preservation, for gluconic acid production, and in the production of 
beer and soft drinks in which its reaction serves an antioxidant function (Grassino et 
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al. 2011). It is also used extensively for the quantitative determination of D-glucose in 
blood, food, fermentation products and tears (Huanfen et al. 2011). 
For better understanding of the protein-sugars interactions, an attempt has 
been made to study the relationship between the enzyme in its native state and the 
structural properties of the whole GOD molecule in presence of sugars. Glycation of 
protein by pentoses also leads to the formation of AGEs and cross-linking products 
(Lee et al. 1999). In the present study, investigation have been done on the pentose 
sugars namely, ribose and arabinose as they are 10-100 timesi more reactive with 
protein than glucose, so that their lower concentrations can cause glycation. Ribose is 
naturally occurring sugar in human body and arabinose is obtained from the plants. A 
great deal of work has been carried out on glycation of proteins with glucose but few 
research groups have attempted to monitor the effect of pentose sugars on the 
structure of GOD and its genotoxicity assessment. Therefore, in order to specify the 
contribution of structure, infrared absorption spectroscopy, Trp fluorescence and CD 
of GOD have been used. 
4.2. Materials and methods 
4.2.1. Chemicals 
GOD isolated from Aspergillus niger was purchased from Sigma Aldrich 
chemicals Co. (USA). Reagents used for electrophoresis and other chemicals 
including ribose and arabinose were obtained from SRL Chemicals (India). Other 
chemicals and reagents used in the study were of analytical grade. 
4.2.2. Glycation of GOD 
AGEs were prepared by incubating 2 mg/ml GOD in sodium azide (0.02%), 
20 mM phosphate buffer (pH 7.2) using ribose (0.2 M) and arabinose (0.2 M) as 
modifiers for (3-15 days) at 37 °C. GOD without any sugar was incubated under the 
similar conditions and was used as control. Buffers (20 mM phosphate buffer, 0.1 M 
sodium tetra borate buffer) were used as such and all glassAvare were autoclaved 
(12rC at 15 psi for 15 min) prior to use to inactivate proteases. All solutions were 
filtered by 0.2 [im sterile filters under aseptic conditions before their use. After 
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incubation, AGEs and their control were extensively dialysed against phosphate 
buffer saline at 4 °C that were later stored in aliquot at -20 °C till further analysis. 
Protein concentration was determined by Lowry et al. (1951). 
4.2.3. Determination of GOD activity 
The activity of glycated GOD was measured according to Worthington 
method (1988). The reaction kinetics was determined by the increase in absorbance at 
460 nm resulting from the oxidation of o-dianisidine through a peroxidase coupled 
system. The increase in absorbance at 460 nm was recorded and GOD activity was 
expressed in units of enzyme per ml. 
4.2.4. Fluorescence studies 
Fluorescence data were recorded with a RF-1501 spectrofluorophotometer 
(Shimadzu Co. Japan). Fluorescence spectra were recorded in a 10 mm path length 
quartz cell. Sample excitation was performed at 280 rmi, while its emission spectrum 
was recorded in the range 300-400 nm. Protein concentration used for fluorescence 
studies was 0.625 |j,M. Fluorescence of maldondialdehyde-modified protein and 
pentosidine-like-fluorescence was also monitored by exciting the samples at 370 and 
335 nm with emission at 440 and 400 nm respectively (Yamamoto et al. 2002, Hand 
etal.imi). 
4.2.5. CD studies 
CD was measured with a JASCO J-815 spectropolarimeter calibrated with 
ammonium D-10-camphorsulfonate. Cells of path lengths 0.1 and 1 cm were used for 
scanning between 250-190 and 300-250 nm respectively. Each spectrum was the 
average of 3 scans. CD analysis was carried out on GOD samples withdrawn from the 
reaction mixture under incubation for 3-15 days kept at 37 °C. Protein concentrations 
used was 1.875 ^M for far-UV and 3 |aM for near-UV CD analysis in the presence of 
20 mM phosphate buffer (pH 7.2). 
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A2.6. FTIR 
FTIR spectra were recorded with an Interspec-2020 Fourier transform 
spectrometer in D2O. Each spectrum was the average of 6 scans. Protein 
concentrations of the samples were typically 30 \iM. The scanning wavenumber was 
chosen from 1500-1700 cm"'. 
4.2.7. Determination of free amino groups 
The free amino groups present in treated GOD were measured by TNBS 
method (Haynes et al. 1967). The absorbance was taken at 420 nm against a blank 
devoid of any glycated protein. 
4.2.8. ANS Fluorescence Measurements 
ANS binding was measured by fluorescence emission spectra with excitation 
at 380 nm and emission in the range of 400 to 600 nm. ANS concentration was taken 
100 molar excess of protein concentration while protein concentration was taken in 
the vicinity of 4.5 i^M (Matuhs et al. 1999). 
4.2.9. ThT assay 
Fluorescence spectra were recorded with a Shimadzu RF 540 
spectrofluorophotometer in a 10 mm path length quartz cell. The excitation 
wavelength was 440 nm and the emission was recorded from 460 to 600 nm. Final 
concentration of protein in the sample was 2 |iM while the concentration of ThT was 
10 ^ M. 
4.2.10. Plasmid nicking assay of glycated GOD 
To assess the genotoxic effect, pUC19 DNA plasmid was incubated with 
glycated GOD and the extent of DNA damage was observed. Reaction mixture (30 
^L) containing Tris-HCl buffer (pH 7.5, 10 mM), pUC19 DNA plasmid (0.5 ^g) and 
5 \iL of glycated GOD was incubated for 3 hr at 37 °C. 10 i^L of a solution containing 
40 mM EDTA, 0.05% Bromophenol blue (fracking dye) and 50% (v/v) glycerol was 
added to the treated plasmid after incubation and was then subjected to 
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electrophoresis in a submerges 1% agarose gel. Ethidium bromide stained gel was 
then viewed and photographed on a UV-transilluminator. 
4.2.11. Comet assay (single cell gel electrophoresis) of the glycated GOD 
Isolated lymphocytes were exposed to glycated GOD in a total reaction 
volume of 1.0 ml. Incubation was performed at 37 °C for 1 hr. After incubation, the 
reaction mixture was centrifuged at 716.8 g, the supernatant was discarded and 
pelleted lymphocytes were resuspended in 100 \\L of PBS and processed further for 
Comet assay. Comet assay of glycated GOD was performed under alkaline conditions 
by the procedure of Singh et al. (1988) with slight modifications. Fully fi-osted 
microscopic slides pre-coated with 1.0% normal melting agarose (dissolved in Ca^ "^  
and Mg^^ fi-ee PBS) were used at 50 °C. Around 10,000 cells were mixed with 80 )iL 
of 1.0% low melting point agarose to form a cell suspension and pipetted over the first 
layer and covered immediately by a cover slip. The slides were placed on a flat tray 
and kept on ice for 10 min to solidify the agarose. The cover slips were removed and a 
third layer of 0.5% low melting point agarose (80 |iiL) was kept. Cover slips were 
placed over it which was then allowed to solidify on ice for 5 min. The cover slips 
were removed and the slides were immersed in cold lysis buffer containing 2.5 M 
NaCl, 100 mM EDTA and 10 mM Tris, pH 10. 1% Triton X-100 was added before 
use for a minimum of 1 hr at 4 "C. After lysis, DNA was allovi'ed to unwind for 30 
min in alkaline electrophoretic solufion (pH >13) consisting of 300 mM NaOH and 
ImM EDTA. Electrophoresis was performed at 4 "C in field strength of 0.7 V/cm and 
300 mA current. The slides were then neutralized with cold 0.4 M Tris, pH 7.5, 
stained with 75 ml ethidium bromide (20 mg/ml) and covered with a cover slip. They 
were then placed in a humidified chamber to prevent drying of the gel and analyzed 
on the next day. Slides were scored using an image analysis system (Comet 5.5; 
Kinetic hnaging, Liverpool, UK) attached to an Olympus (CX41) fluorescent 
microscope (Olympus Optical Co., Tokyo, Japan) and a COHU 4910-integrated CC 
camera (equipped with 510-560 nm excitation and 590 nm barrier filters) (COHU, 
San Diego, CA, USA). Comets were scored at lOOX magnification. Images from 50 
cells (25 fi-om each replicate slide) were analyzed. The parameter taken to assess 
lymphocytes DNA damage was tail length (migration of DNA from their nucleus, 
um) and was automatically generated by the Comet 5.5 image analysis system. 
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4.2.12. Statistics 
Data has been expressed as mean +/- standard deviation (n=3). Statistical 
analysis was performed with one-way ANOVA software. Data was considered 
significant at p < 0.05. 
4.3. Results 
4.3.1. Effect of glycation on the activity of GOD 
When GOD (2 mg/ml) was incubated with 200 mM ribose and 200 mM 
arabinose, separately, in 20 mM phosphate buffer with 0.02% soidium azide, pH 7.2 at 
37 °C for 15 days, there was a progressive decline in enzymatic activity (Fig. 23). 
After 15 days, the decrease in the activity from baseline for native GOD was ~ 30%, 
for 200 mM arabinose glycated GOD was 60.44% and for 200 mM ribose glycated 
GOD, it was 71.74%). Ribose glycated GOD shows more decrement in the activity as 
compared to arabinose glycated GOD. 
4.3.2. Fluorescence analysis 
Fig. 24 shows the relative fluorescence of GOD as the function of varying 
incubation time of GOD with arabinose and ribose. Wlien 2 mg/ml GOD was 
incubated with 200 mM ribose and arabinose each separately in 20 mM phosphate 
buffer with 0.02% sodium azide, pH 7.2 at 37 °C for 15 days, there was a progressive 
decrease in fluorescence intensity. The maximum decline was observed on day 15. 
The decrease in fluorescence was more prominent in ribose incubated GOD. Fig. 25 
and 26 demonstrate changes in the microenvironment of aromatic amino acid residues 
of GOD on incubation with arabinose and ribose respectively. In Fig. 25, emission 
maximum at 340 nm was observed in native GOD (curve 1) but when GOD was 
incubated with arabinose for 3-15 days (curves 2-6) a decline in fluorescence intensity 
was observed. In comparison to day 3, there was a red shift of 10 nm on day 12 and 
15 (curve 5 and 6). Fig. 26 also represents drop in fluorescence intensity in GOD 
incubated with ribose, from day 3 to day 15 (curve 2-6) in comparison to native 
(curve 1) accompanied by a red shift of 10 nm for day 12 and 15. Minimal 
fluorescence in both the cases was detected at day 15, indicating that there may be 
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Fig. 23. Bar graph represents the activity of native GOD, arabinose and ribose 
glycated GOD. Error bars indicate the mean ± SD (n=3). * Significance p < 0.05 with 
respect to control. 
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Fig. 24. Relative fluorescence of native GOD [•], arabinose incubated GOD [•], and 
ribose incubated GOD [A]. The GOD concentration was 0.625 ^M and the path 
length was 1 cm. The fluorescence was monitored at an excitation wavelength of 280 
nm (Peaks achieved at respective days are plotted) with a slit width of 5 nm. All the 
data has been expressed in the mean ± SD (n=3). * Significance p < 0.05 with respect 
to control. 
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Fig. 25. Intrinsic fluorescence emission spectra of native GOD (curve 1) and 
arabinose incubated GOD for 3 days (curve 2), 6 days (curve 3), 9 days (curve 4), 12 
days (curve 5) and 15 days (curve 6). Spectra obtained at 20°C with X^xc = 280 nm. 
Protein concentration used was 0.625 jiM. 
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Fig. 26. Intrinsic fluorescence emission spectra of native GOD (curve 1) and ribose 
incubated GOD for 3 days (curve 2), 6 days (curve 3), 9 days (curve 4), 12 days 
(curve 5) and 15 days (curve 6). Spectra obtained at 20°C with Xexc = 280 nm. Protein 
concentration used was 0.625 jiM. 
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formation of aggregates. Ribose being a reactive sugar induces faster changes as 
compared to arabinose. 
Fig. 27 shows the bar graph at an excitation wavelength of 335 nm for 
pentosidine-hke fluorescence whereas Fig. 28 represents the same for 
malondialdehyde-modified protein-like fluorescence at 370 nm. Both the graphs show 
an increase in fluorescence intensity in the presence of araibinose and ribose as 
compared to control. Their formation was observed from day 3 followed by day 6, 9, 
12 and 15. With progression of incubation time, formation of pentosidine-like AGEs 
and malondialdehyde-modified protein was found to increase. GOD incubated with 
arabinose and ribose for 6 days showed similar formation of malondialdehyde-
modified protein-like fluorescence, with further increase in fluorescence from days 6-
15. 
4.3.3. CD studies 
To monitor the changes in secondary structure of GOD (2 mg/ml) in presence 
of 200 mM arabinose in 20 mM phosphate buffer with 0.02% sodium azide, pH 7.2 at 
37 °C, far-UV studies were carried out (Fig. 29a). In the fair-UV region, the CD 
spectrum of native GOD illustrates the presence of substantial (x-helical conformation 
(curve 1). There is a significant decline in negative elipticity at day 3, 6 and 9 (curve 
2, 3 and 4) corresponding to native (curve 1). The glycation induced transition 
monitored by elipticity at 208 and 222 nm showed the presence of the residual helical 
structure even on day 12 (curve 5), indicating the stability of the protein secondary 
structure. This type of change observed in the CD spectra on day 12 upon 
modification of GOD by arabinose suggests that there may be formation of molten 
globule like structures. With fiirther increase in incubation timtj up to 15 days (curve 
6), there is loss in a-helix structure and the appearance of minima peak at 217 nm 
which is indicative of the formation of |3-sheet conformation. 
Fig. 29b shows the far-UV CD spectra of native GOD (curve 1) and ribose 
(200 mM) incubated states of GOD (curves 2-6) in 20 mM phosphate buffer with 
0.02% sodium azide, pH 7.2 at 37 °C for different time periods. GOD incubated for 3, 
6 and 9 days (curve 2, 3 and 4) shows the presence of a-helix structure. Spectra of 
ribose glycated GOD on day 12 (curve 5) demonstrate the occurrence of residual 
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Fig. 27. Bar graph represents fluorescence intensity of pentosidine-like AGEs 
formation during the incubation of GOD with arabinose and ribose. The GOD 
concentration was 0.625 )iM and the path length was 1 cm. The fluorescence was 
monitored at an excitation wavelength of 335 nm (Peaks achieved at respective days 
are plotted) with a slit width of 5 nm. Error bars indicate the mean ± SD (n=3). * 
Significance p < 0.05 with respect to control. 
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Fig. 28. Bar graph represents malondialdehyde-modified protein-like fluorescence 
formation during the incubation of GOD with arabinose and ribose. The GOD 
concentration was 0.625 [iM and the path length was 1 cm. The fluorescence was 
monitored at an excitation wavelength of 370 nm (Peaks achieved at respective days 
are plotted) with a slit width of 5 nm. Error bars indicate the mean ± SD (n=3). * 
Significance p < 0.05 with respect to control. 
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Fig. 29(a). Far-UV CD spectra of native GOD (curve 1) and araibinose glycated GOD 
for 3 days (curve 2), 6 days (curve 3), 9 days (curve 4), 12 days (curve 5), 15 days 
(curve 6) showing changes in secondary structure during the progress of glycation 
reaction. GOD concentration was 1.875 fiM and path length was 0.1 cm (b) Far-UV 
CD spectra of native GOD (curve 1) and ribose glycated GOD for 3 days (curve 2), 6 
days (curve 3), 9 days (curve 4), 12 days (curve 5), 15 da3^ s (curve 6) showing 
changes in secondary structure during the progress of glycation reaction. GOD 
concentration was 1.875 fiM and path length was 0.1 cm. 
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helical structure; it may propose the molten globule state of GOD. Appearance of a 
prominent minimum at 217 ran for day 15 (curve 6) with the loss of the minima at 
208 and 222 nm suggests the formation of P-sheet conformation in GOD. 
Near-UV CD spectra of the native state of GOD (curve 1) showed a prominent 
positive CD band at 274 nm (Fig. 30a). There is a decrease in positive elipticity of 
GOD incubated with arabinose for different time periods. GOD incubated for 6 (curve 
2) and 12 days (curve 3) shows reduction in ellipticity relative to curve 1. 
Interestingly, the near-UV CD spectra shows a similar pattern in intensity but less in 
magnitude as native state on day 12, suggesting regain of its tertiary contacts. In day 
15 sample (curve 4), band at 274 nm vanishes indicating disraption of the native 
tertiary structure. Fig. 30b shows the near-UV CD spectrum of ribose incubated GOD, 
displaying a prominent band at 274 nm that indicate asymmetric enviroimient of its 
constituent aromatic amino acid residues. In case of GOD inicubated for 12 days 
(curve 3), appearance of tertiary interactions might be due to mimicking of 
hydrophobic surfaces brought about by ribose. Loss of signals occurs on day 15 
(curve 4) which may be due to the disordered tertiary structure of GOD. 
4.3.4. FTIR analysis 
To detect the changes in secondary structure of GOD (2 mg/ml) in presence of 
200 mM arabinose in 20 mM phosphate buffer with 0.02% sodium azide, pH 7.2 at 37 
°C, FTIR analysis was performed. As depicted in Fig. 31 a, wavenumber analysis 
between 1,500 and 1,700 cm"' revealed a peak corresponding to the region of amide 
band protein (NH). The amide I region of the infrared spectrum of native GOD shows 
a maximum at about 1,617 cm"' and a very intense shoulder around 1,530 cm"' (curve 
1). These two spectral features indicate the presence of both a-helical and P-sheet 
conformations (Susi et al. 1967). As the time of incubation of GOD with arabinose 
increases, peaks shift to lower frequencies on day 12 (curve 3) £ind 15 (curve 4). Loss 
in peak at 1,530 cm"' and shift in peak at 1,617 cm"' in 15 days (curve 4) incubated 
sample may be due to conversion of a-helix to P-sheet. Presence of extensive P-sheet 
structure indicates that there may be formation of aggregated species (Amani & 
Naeem 2011). Strikingly, this type of infrared spectrum has been shown to be 
characteristic of amyloid fibrils (Chiti et al. 1999). 
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Fig. 30(a). Near-UV CD spectra of native GOD (curve 1) and arabinose glycated 
GOD for 6 days (curve 2), 12 days (curve 3) and 15 days (curve 4). GOD 
concentration was 3 [iM and path length was 0.1 cm (b) Near-UV CD spectra of 
native GOD (curve 1) and ribose glycated GOD for 6 days (curve 2), 12 days (curve 
3) and 15 days (curve 4). GOD concentration was 3 |iM and path length was 0.1 cm. 
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Fig. 31b shows the FTIR of native GOD (2 mg/ml) and GOD incubated with 
ribose (200 mM) for different days. The shift in peak wavenumber starts from day 12 
(curve 3) of incubation. It suggests that the presence of ribose alters the enzyme's 
conformation. Loss in the peak at 1,530 takes place on day 12 (curve 3) confirming 
the disappearance of a-helical structure. Sample incubated for 15 days (curve 4) 
shows shift of peak from 1,617 to 1,610 cm"', the most prominent feature in the amide 
I region of the infrared spectrum of the GOD (Zolda et al. 2004). Thus, GOD contains 
a relative proportion of P-sheet structure on day 15. This shift may be due to 
aggregation of GOD in the presence of ribose. This component, of the amide I band, 
can be assigned unambiguously to protein segments of the P-sheet conformation (Susi 
e/fl/. 1967, Susi&Byler 1986). 
4.3.5. Detection of free amino groups in glycated GOD 
At an early stage of Maillard reaction, the protein containing free amino 
groups such as 8-NH2 groups of Lys react with the carbonyl groups leading to the loss 
of free amino groups. GOD when incubated with arabinose and ribose (200 mM each) 
in 20 mM phosphate buffer with 0.02% sodium azide, pH 7.2 at 37 °C for 3-15 days 
shows loss in free amino groups in its glycated form. For this reason GOD was 
subjected to TNBS method. The result demonstrated that the content of free amino 
groups in glycated GOD significantly decreases from day 3 (Fig. 32). Results also 
show that ribose is more active sugar than arabinose as loss in free amino group is 
more in case of ribose as compared to arabinose. Nagy et al. (2009) have also reported 
decrease in free amino groups upon glycation. 
4.3.6. ANS Fluorescence 
Hydrophobic probe ANS is widely used for the characterization of molten 
globule state of proteins (Matulis et al. 1999). There was a continuous increase in 
ANS fluorescence from day 3 to day 12 (Fig. 33) in GOD (2 mg/ml) incubated with 
ribose (200 mM) as well as with arabinose (200 mM) in 20 mM phosphate buffer with 
0.02% sodium azide, pH 7.2 at 37 °C. 
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Fig. 31(a). FTIR spectra of native GOD (curve 1) and arabinose glycated GOD for 6 
days (curve 2), 12 days (curve 3) and 15 days (curve 4). GOD concentration used was 
30 |iM (b) FTIR spectra of native GOD (curve 1) and ribose glycated GOD for 6 days 
(curve 2), 12 days (curve 3) and 15 days. GOD concentration used was 30 /iM. 
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Fig. 32. Bar graph represents free amino groups present per mole of protein versus 
time of incubation of GOD in days. Amino group is determined by using TNBS 
which binds to free amino groups of GOD and gives absorbance at 420 nm. Error bars 
indicate the mean ± SD (n=3). * Significance p < 0.05 with respect to control. 
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Fig. 33. ANS fluorescence of native GOD, arabinose and ribose glycated GOD versus 
time of incubation. The GOD concentration was 4.5 |iM and the path length was 1 
cm. The fluorescence was monitored at an excitation wavelength of 380 nm (Peaks 
achieved at respective days are plotted) with a slit width of 5 nm. Error bars indicate 
the mean ± SD (n=3). * Significance p < 0.05 with respect to control. 
97 
Chapter IV 
4.3.7. ThT fluorescence 
ThT fluorescence intensity was recorded for GOD samples (2 mg/ml) 
incubated with and without reducing sugars at 482 nm (Fig. 34). Figure shows that the 
extent of formation of GOD aggregates is more in the presence of ribose (200 mM) 
followed by arabinose (200 mM). Negligible aggregates were detected in the native 
state. There is an increase in ThT fluorescence with an increase in incubation time and 
the maximum intensity is seen on attaining dayl5. It can be noted here that ribose 
incubated GOD shows more ThT fluorescence relative to arabinose incubated GOD. 
As can be seen fi-om the figure, there is more aggregate formation at day 15 in ribose 
incubated GOD compared to arabinose. 
4.3.8. Treatment of Plasmid pUC19 DNA with glycated GOD 
The damaging effect of a ribose and arabinose glycated GOD on the plasmid 
DNA was observed. Fig. 35a shows that there is a difference in the mobility of 
plasmid treated by GOD incubated with arabinose and ribose for 15 days (lane 2 and 
3) in 20 mM phosphate buffer with 0.02% sodium azide, pH 7.2 at 37 °C compared to 
the negative control (lane 1). Formation of open circular form of plasmid DNA was 
observed when it was treated with arabinose and ribose glycated GOD. Lane 4 
represents positive control of methyl methane sulfonate (25|ig/ml) treated plasmid 
which results in conversion of supercoiled plasmid into open circular and linear form. 
As the nicking of plasmid has taken place it can be concluded that glycated products 
have genotoxic potential. Fig. 35b shows the mobility changes in glycated samples in 
relation to negative and positive control. 
4.3.9. Effect of 15 day glycated GOD sample on DNA breakage in lymphocyte 
Fig. 36a demonstrates the effect of different treatments on lymphocytes. Fig. 
36ai represents the negative control (without any treatment) image of lymphocyte. 
Nuclear DNA damage in lymphocytes by arabinose and ribose glycated GOD has 
been depicted in Fig. 36aii and 36aiii. These images cleariy demonstrate that glycated 
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Fig. 34. ThT fluorescence of native GOD, arabinose and ribose glycated GOD versus 
time of incubation. The GOD concentration was 2 |iM v^hile Th T concentration was 
10 |iM and the path length was 1 cm. The fluorescence was monitored at an excitation 
wavelength of 440 nm (Peaks achieved at respective days are plotted) with a slit width 
of 5 nm. Error bars indicate the mean ± SD (n=3). * Significance p < 0.05 with 
respect to control. 
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Fig. 35(a). Plasmid DNA breakage in negative control (1), treated with day 15 sample 
of arabinose glycated GOD (2), treated with day 15 sample of ribose glycated GOD 
(3) and positive control of plasmid treated with 3 1^ of methyl methane sulfonate (25 
}ig/ml) (4). OC denotes open circular, L denotes linear and SC denotes supercoiled 
form of plasmid DNA. Molecular markers are run in lane 'M' (b) Relative mobility 
plot of plasmid DNA breakage in negative control (C), treated with day 15 sample of 
arabinose glycated GOD (Tl), treated with day 15 sample of ribose glycated GOD 
(T2), treated with 3 \d of methyl methane sulfonate (25 ^g/ml) as positive control 
(PC). Error bars indicate the mean ± SD (n=3). * Significance p < 0.05 with respect to 
control bar "C". 
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GOD causes a significant damage and have a genotoxic effect on lymphocytes in 
vitro. Fig. 36aiv represents effect of methyl methane sulfonate which serve as positive 
control on nuclei of lymphocyte. When arabinose and ribose glycated GOD were 
taken with a concentration of 2 mg/ml, they caused nuclear DNA breakage of about 
10 and 12 \xm. tail length respectively. On the other hand, 20 |j,m long tails is seen in 
the nuclei of lymphocytes due to the damaging effect of positive control (Fig. 36b). 
DNA damage in case of glycated GOD treated lymphocyte may be attributed to the 
fact that the nuclear pore complex is permeable to small molecules such as AGEs 
(Husain & Naseem 2008). 
4.4. Discussion 
Catalytic activity of GOD clearly demonstrated functional changes in the 
enzyme. Modification of Lys and arginine residues by arabinose/ribose may bring 
about alteration at the active site of the GOD which results in the decreased activity of 
glycated GOD. There is more loss in the activity of ribose glycated GOD compared to 
arabinose glycated GOD. Thus, it confirms that ribose is more active than arabinose. 
The intrinsic fluorophore Trp is an excellent parameter to monitor the polarity 
of Trp environment in the protein and is highly sensitive to the surrounding 
environment (Jha & Kishore 2011). Of the ten Trp residues in each monomer, four are 
located in the flavinic coenzyme activity domain (Haouz et al. 1998). The dip in 
fluorescence may be due to the energy transfer from Trp to flavin groups or may be 
due to internalization of a single exposed residue at position 133 (Zolda et al. 2004), 
upon incubation with these sugars. Curves of arabinose and ribose incubated GOD 
showed a single-step, two-state, cooperative transition. Fluorescence is widely used 
for the detection of AGEs such as pentosidine-like AGEs and malondialdehyde-
modified protein. Increase in fluorescence intensity with time, upon incubation of 
GOD with arabinose/ribose indicated AGEs formation. Ribose appeared to be more 
reactive than arabinose as judged by the higher level of pentosidine-like AGE 
fluorescence and malondialdehyde-modified protein-like fluorescence. 
Physical changes in the modified GOD have been analysed by CD and FTIR 
studies. In the native state, GOD possesses a relatively strong far-UV and near-UV 
CD signal. The CD spectrum of native GOD in the far-UV region is typical for a 
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Fig. 36(a) Images of Lymphocyte nuclei damage (i) negative Control (ii) treated with 
day 15 sample of arabinose glycated GOD (iii) treated with day 15 sample of ribose 
glycated GOD (iv) treated with 3 |il of methyl methane sulfonate (25 ^g/ml) as 
positive control (b) Lymphocyte DNA breakage in negative control (C), treated with 
day 15 sample of arabinose glycated GOD (Tl), treated with day 15 sample of ribose 
glycated GOD (T2), treated with 3 \A of methyl methane sulfonate (25 i^g/ml) as 
positive control (PC). Error bars indicate the mean ± SD (n=3). * Significance p < 
0.05 with respect to control bar "C". 
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protein containing a-helices and (3-sheet, confirming the native conformation of GOD 
(Mossavarali et al. 2006). The transition to the molten globule state has been shown to 
be accompanied by the loss of tertiary interactions whereas most of the secondary 
structure is preserved. Also, there is disappearance of the CD bands in the near-UV 
region manifesting that there is loss of tertiary structure in the molten globule state of 
protein. The conformational changes in GOD by incubating it with arabinose and 
ribose for different time period was monitored in the amide I band region of FTIR 
spectra. Molten globule state attained at day 12 of incubation with arabinose and 
ribose give their spectral peaks at, both, 1,530 cm' and 1,617 cm"' in FTIR spectra 
similar to the native, confirming that there is no loss in secondary structure. Shift in 
wavenumber demonstrates that the amide groups of the glycated enzyme experience a 
wider range of microenvironments with respect to the enzyme molecule in solution. 
Disappearance of peak at 1,530 cm"' and appearance only at 1,617 cm"' in state 
attained at day 15 of incubation of GOD in the FTIR analysis confirm that there is 
loss in a-helix and gain in P-sheet conformation. As it is a well known fact that 
aggregates have extensive amount of p-sheet structure, it can be concluded that state 
at day 15 may be an aggregated state. These findings provide the evidence of a-helix 
to P-sheet conformational transition of protein (Sundd et al. 2000). In both the cases 
no signals were detected after 15 days incubation indicating that protein precipitation 
might have taken place after aggregation. 
Binding of arabinose and ribose to amino groups present in GOD resulted in 
the decrease of its free amino groups. In this situation, free amino groups present per 
mole of arabinose modified GOD is more as compared to ribose modified GOD; 
fiirther confirming that ribose is more active. Glycation of GOD exposes more 
hydrophobic regions of the protein to the surface making them available for ANS 
binding (Amani & Naeem 2011). It can be seen that binding of ANS at day 12 
incubated GOD produced a prominent increment in fluorescence intensity relative to 
15 days incubated sample in both the cases. As hydrophobic cluster are loosely pack 
resulting in large surface area and high ANS binding are the characteristic of molten 
globule state, hence this state is characterized as molten globule state of GOD at day 
12. With fijrther increase in incubation time, decrease in ANS fluorescence intensity 
at day 15 may be attributed to the unfolding of ANS binding sites or burial of the 
binding sites due to aggregation of arabinose/ribose glycated GOD. Comparing the 
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data of both the sugars it can be said that owing to more unfolding of GOD there is 
more ANS intensity in case of ribose comparative to arabinose. This finding also 
confirms that ribose is more active. 
Partial denaturafion of proteins caused by arabinose/ribose often results in 
formation of folding intermediates that contain almost the same level of the secondary 
structure as the native protein, but decreased number of the tertiary contacts (Ptitsyn 
1990), unpaired domains (Horowitz & Criscimagna 1990), or incorrectly formed 
disulfides bonds (Ewbank & Creighton 1991). As a result, such intermediates tend to 
be highly hydrophobic and consequently can easily precipitate, forming large 
aggregates. In addition to their role in protein folding, molten globules may have 
other biological functions also. For example, intrinsically unstructured or partially 
structured proteins existing under physiological conditions may serve as a 
conformational switch or target for gene regulation (Wright & Dyson 1999). From the 
far UV-CD, near-UV CD, Trp fluorescence, ANS binding and ThT binding, it can be 
proposed that glycation induces a molten globule state of GOD at day 12 of 
incubation with arabinose and ribose which further tends to aggregate upon increase 
in the incubation time. 
Various compounds, like methylglyoxal, are present in human body that can 
act as glycating agents and can readily react with amino groups of proteins to produce 
AGEs, which have a role in the pathophysiology of aging and diabetic complications 
(Thomalley 2008). Glucose, a key cellular fuel in the body, can also cause damage to 
the body by glycating the proteins resulting in the distortion of their shape and 
ultimately making them insoluble or unstable. A good example of this is cataract 
which occurs when protein glycation takes place. The process of glycation lowers the 
level of solubility of the lens proteins which in turn leads to a loss of transparency in 
the lens. DNA damage has also been reported in specific diabetic cells when DNA 
interacts with glycated products. These glycated products produce both base 
modification and apurinic/apyrimidinic sites in DNA, in addition to the strand breaks 
(Mullokandov et al. 1994). The inactivation of catalase and SOD in diabetic patients 
is a consequence of glycation, where sugar combining with catalase and SOD could 
lead to their inactivation and thus accumulating peroxide and superoxide, which might 
contribute to the overall complications of diabetes and aging (Yan & Harding 1997). 
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Cytotoxic effect of AGEs have also been reported in diabetic patients (Boyanova & 
Huppertz 2009) 
Glycation studies are performed with GOD in presence of pentose sugars 
(ribose and arabinose) and found out that glycated GOD and other AGEs formed are 
genotoxic in nature. Plasmid nicking assay and comet assay was performed to check 
the toxicity of glycated GOD to DNA or on whole cell and got significant damage in 
both the cases. Open circular form of plasmid was observed after incubation 
incubating pUC19 DNA plasmid with GOD glycated by means of arabinose/ribose. 
Control and glycated GOD treated cells induce radial diffusion from the nucleus of 
single-stranded DNA fragments and generates, upon incubation with ethidium 
bromide, a fluorescent image similar to a halo concentric to the nuclear remnants. The 
greater the level of DNA fragmentation the bigger the area of the halo, thus allowing a 
quantitative determination of the nuclear injury. The nature of the nuclear DNA injury 
revealed in lymphocytic cells by the alkaline-comet assay is consistent with the 
plasmid nicking assay. One of the most important involvement of glycated GOD and 
other AGEs may be the generation of free radicals via innate immune system. AGE 
modified proteins elicit an acute phase response in microglial cells or macrophages, 
which in turn while degrading these modified proteins can release cytokines and 
oxygen radicals ultimately leading to direct toxicity (oxidative stress, Ca-influx etc) or 
indirect toxicity (acute phase reactions etc). A diagrammatic representation of this 
mechanism is demonstrated in Fig. 37. 
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Fig. 37. Diagrammatic representation of toxicity induced by modified GOD. 
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Chapter V(A) 
5.1.1. Introduction 
Conjugation of proteins to nanoparticles has numerous applications in sensing, 
imaging (Jokerst et al. 2011), delivery (Das et al. 2012), catalysis (San et al. 2012), 
therapy, control of protein structure (Goy-Lopez et al. 2012) and activity (Ardao et al. 
2012). Therefore, characterizing nanoparticles-protein interface is of great 
importance. As the potential to manipulate materials at nanometer scale grows, it 
leads to the opportunity of stipulating and studying their specific interactions with 
cells, tissues, organs and whole organisms. However, there have been widespread 
concerns that their use may involve some biological hazards (Lynch et al. 2006, 
Robertson et al. 2010, Jia et al. 2011, Sergent et al. 2012) and a growing consensus 
that our understanding of the interaction of nanoscale objects with living matter even 
at the level of single cells has not kept pace with the explosive development of 
nanoscience in the past decades. When to think of the interactions of nanoparticles 
with a living system, thinking of protein coated particles. Adsorption of proteins on 
the particle surface can lead to altered conformation, exposure of novel "cryptic" 
peptide epitopes, perturbed function (caused by structural effects or local high 
concentration) or, avidity effects arising from the close spatial repetition of the same 
protein (Binning et al. 1986). 
ZnO finds wide application in various industries. ZnO is inexpensive and 
relatively non-toxic which makes it suitable for many purposes. This well-known 
semiconductor has wide band gap (3.37 eV) and high excitation binding energy of 60 
meV at room temperature (Tang et al. 1998). It has been widely used in pressure-gas 
sensors, solar cells, UV light emitting-detecting devices, medicines, catalyst and many 
other devices (Wong & Searson 1999, Kim et al. 2011). For example, nanoparticles 
are utilized in the areas of catalysis, separations and diagnostics. These nanoparticles 
have immense potential for the development of nanoscale devices (Siddiquee et al. 
2011). 
Nanoparticles provide excellent support for protein stabilization due to their 
small size and large surface area. These molecules influence mechanical properties 
like stiffness and elasticity thereby reducing diffusion limits and maximizing the 
functional surface area to increase protein loading (Kim et al. 2006, Hamlin et al. 
2007, Xie et al. 2009, Qin et al. 2012). Thus, enzymes have been successfully 
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immobilized on nanostructured materials by covalent binding, adsorption and 
entrapment to enhance the performance of enzyme-based biocatalytic sensors (Li et 
al. 2003, Di Marco et al. 2010). 
Biosensors are among the most anticipated devices for the development of 
advanced diagnostic tools to meet the current challenges in biomedical research 
(Wang & Katz 2011, Oh & Park 2011, Bedford et al. 2012). A number of physical 
and biological materials such as gold nanoparticles and proteins are potential 
candidates to meet the desired need of research and development. Over the last 
decade, there have been immense efforts to fabricate nanoparticles with tailored 
structural, optical and surface properties. Investigations have largely been spurred by 
the applicability of such nanoparticles in modem materials science as well as by their 
technological importance. Recently, metal and semiconductor nanoparticles have been 
used to bind a variety of biomolecule ligands (Barrientos et al. 2003, Katz & Willner 
2004, Asian et al. 2004, Song et al. 2010, Chakraborti et al. 2010). 
To propose the use of Con A immobilized on ZnO nanoparticles as bio-
diagnostic tool, a comprehensive analysis of ZnO characteristics, its interaction with 
Con A and genotoxicity is presented. The results obtained strongly suggest the 
potential of Con A coated nanoparticles for applications as lectin based biosensors 
(Zhang et al. 2010, Oliveira et al. 2011). Con A was used as a model protein for 
immobilization on ZnO nanoparticles as compared to the use of specific antibodies 
(Prabakaran et al. 2007), Con A immobilized on ZnO nanoparticles can prove to be 
more convenient to be adapted as a potential bio-diagnostic tool. 
5.1.2. Materials and methods 
5.1.2.1. Chemicals 
Concanavalin A from Aspergillus niger, zinc acetate dihydrate, ethylene 
glycol, 2-propyl alcohol, triethylamine and glycerol were obtained from SRL 
Chemicals (Mumbai, India). All other chemicals and reagents used in the study were 
of analytical grade and were used without further purification. 
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5.1.2.2. Synthesis of ZnO nanoparticles and their characterization 
ZnO nanoparticles were synthesized by sol-gel method with slight 
modification as described by Chu et al. (2000). The solution was prepared by using 
zinc acetate dihydrate (99.5%), ethylene glycol, 2-propyl alcohol and glycerol. 100 g 
of Zn (CH3COO) 2. 2H2O was mixed with 25 ml ethylene glycol at 150 °C for 15 min 
to obtain a uniform transparent solution. The solution was solidified to a transparent 
brittle solid on cooling down to room temperature. It was further dissolved in 200 ml 
2-propyl alcohol. The resulting solution was found to be highly hydrophobic and 
converted in to gel by adding few drops of water. Triethylamine was added to 
facilitate the hydrolysis of zinc acetate. The solution got transformed into light brown 
powder upon incubation at 200 °C for 6 hr. The resulting powder was initially heated 
in a programmable furnace at 450 °C for 8 hr and then at 700 °C for 5 hr to remove all 
organic impurities yielding the white pure ZnO powder. 
5.1.2.3. Immobilization of Con A onto the surface of ZnO nanoparticles 
ZnO nanoparticles and Con A were dispersed into Tris-HCl buffer (ImM) and 
incubated for 24 hr on magnetic stirrer at 4° C. Con A coated ZnO nanoparticles were 
separated by centriftigation at 10,000 rpm. 
5.1.2.4. XRD 
The studies on the structure of ZnO nanoparticles. Con A and Con A coated 
ZnO nanoparticles were carried out using a Rigaku X-ray- powder diffractometer with 
Cu anode (Cu- Ka radiation >.=1.54186 A) in the range of 20°< 20< 80° at 30 kV. In 
order to calculate the particle size (D) of the sample Scherer's formula was used 
(Cullity 1978): 
D = 0.9 ?. / B cos 9 
Where l was the X-ray wavelength (1.5418 A), B was the lull width at the half-
maximum of the ZnO (101) line and 9 was the diffraction angle. 
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5.1.2.5. AFM and SEM 
Tapping mode AFM experiments of ZnO nanoparticles, Con A and Con A 
coated ZnO nanoparticles were performed using commercial etched silicon tips as 
AFM probes with typical resonance frequency of ca. 300Hz (RTESP, Veeco). SEM 
analysis of the surface and cross-section of freeze dried samples of ZnO nanoparticles, 
Con A and Con A coated ZnO nanoparticles was performed with Philips-515 
scanning electron microscope (U.S.A.). The samples were mounted on an aluminium 
sample mount and sputter coated with gold to minimize surface charging. The 
specimens were observed at a 15 kV accelerating voltage. 
5.1.2.6. FTIR spectra of Con A, ZnO nanoparticles and Con A coated ZnO 
nanoparticles 
FTIR spectra of ZnO nanoparticles, Con A and Con A coated ZnO 
nanoparticles were monitored with INTERSPEC 2020 model FTIR instrument, USA. 
The calibration was done by polystyrene film. The samples were injected by Hamiet 
100 \i\ syringe in ATR box. Prior to loading, the syringe was first washed by acetone 
followed by distilled water. FTIR analysis was done to monitor the interaction of 
fiinctional groups of the compounds. 
5.1.2.7. Haemagglutination 
Haemagglutination activity of Con A coated nanoparticles (5 mg/mL) was 
detected by using trypsinized erythrocytes. The lectin solution was serially diluted in 
microtiter V plate (50 ^1) and mixed with 50 \i\ of 4% suspension of rabbit red blood 
cells. Haemagglutination was observed after 1 hr at room temperature. 
5.1.2.8. Effect of pH 
To determine the pH stability of the Con A coated nanoparticles, fluorescence 
measurements were performed on an RF 450 Shimadzu spectrofluoro photometer. An 
excitation wavelength of 280 nm was selected and the emission spectrum was 
recorded in the range from 300-400 nm. The excitation and emission slit widths were 
taken as 10 nm. Solutions for fluorescence technique were brought to the desired pH 
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via exhaustive dialysis against the appropriate buffer. The buffers were of ImM 
glycine HCl for pH 2-3, ImM sodium acetate for pH 4-5, 1 mM sodium phosphate for 
pH 6-8 and ImM glycine NaOH for pH 9-10. 
5.1.2.9. Treatment of pUC19 DNA plasmid with Con A coated ZnO 
nanoparticles 
Any genotoxic effect of Con A coated ZnO-NP as bioaffmity support was 
observed on pUC19 DNA plasmid by the extent of DNA fragmentation. Reaction 
mixture (30 |iL) containing Tris-HCl buffer (pH 7.5, 10 mM), pUC19 DNA plasmid 
(0.5 )ig) and 3 ^1 of Con A layered ZnO nanoparticles was incubated for 3 hr at 37 °C. 
10 )il of a solution containing 40 mM EDTA, 0.05% bromophenol blue (tracking dye) 
and 50% (v/v) glycerol was added after incubation and the solution was then 
subjected to electrophoresis in submarine 1% agarose gel. Ethidium bromide stained 
gel was then viewed and photographed on a UV-transilluminator. 
5.1.2.10. Comet assay (single cell gel electrophoresis) of the bioaffinity support, 
Con A coated ZnO-NP 
Isolated lymphocytes were exposed to Con A coated nanoparticles in a total 
reaction volume of 1.0 ml. Incubation was performed at 37 °C for 1 hr. After 
incubation, the reaction mixture was centriftiged at 4000 rpm, the supernatant was 
discarded and pelleted lymphocytes were resuspended in 100 \i\ of PBS and further 
processed for Comet assay. Comet assay of Con A coated ZnO nanoparticles was 
performed under alkaline conditions according to the procedure described by Singh et 
al. (1988) with slight modifications. Fully frosted microscopic slides pre-coated with 
1.0% normal melfing agarose (dissolved in Ca^ ^ and Mg ^ free PBS) were used at 50 
"C. Around 10,000 lymphocyte cells were mixed with 80 [i\ of 1.0 % low mehing 
point agarose to form a cell suspension and pipetted over the first layer and covered 
immediately by a cover slip. The slides were placed on a flat tray and kept on ice for 
10 min to solidify the agarose. The cover slips were removed and a third layer of 
0.5% low melting point agarose (80 |iL) was kept. Cover slips were placed over it and 
then allowed to solidify on ice for 5 min. The cover slips were removed and the slides 
were immersed in cold lysis buffer containing 2.5 M NaCl, 100 mM EDTA and 10 
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mM Tris, pH 10. 1% Triton X-100 was added before use for a minimum of 1 hr at 4 
°C. After lysis, DNA was allowed to unwind for 30 min in alkaline electrophoretic 
solution consisting of 300 mM NaOH and ImM EDTA, pH >13. Electrophoresis was 
performed at 4 "C in the field strength of 0.7 V/cm and 300 mA current. The slides 
were then neutralized with cold 0.4 M Tris, pH 7.5, stained with 75 ml ethidium 
bromide (20 mg/mL) and covered with a cover slip. They were then placed in a 
humidified chamber to prevent drying of the gel and analyzed on the next day. Slides 
were scored using an image analysis system (Comet 5.5; Kinefic Imaging, Liverpool, 
UK) attached to an Olympus (CX41) fluorescent microscope (Olympus Optical Co., 
Tokyo, Japan) and a COHU 4910-integrated CC camera (equipped with 510-560 nm 
excitation and 590 nm barrier filters) (COHU, San Diego, CA, USA). Comets were 
scored at lOOX magnification. Images from 50 cells (25 from each replicate slide) 
were analyzed. The parameter taken to assess lymphocytes DNA damage was tail 
length (migration of DNA fi-om their nucleus, |am) and was automatically generated 
by the Comet 5.5 image analysis system. 
5.1.2.11. Statistics 
Data is expressed as means ± SD. All experiments were performed 
independently at least three times. Statistical analysis was performed with one-way 
ANOVA software. 
5.1.3. Results 
5.1.3.1. XRD Analysis 
Fig. 38a shows a typical x-ray diffraction (XRD) pattern of ZnO nanoparticles 
at room temperature. The analysis ZnO XRD patterns at room temperature shows that 
the sample was formed in single phase with hexagonal crystal symmetry. All the 
peaks were very well matched with the hexagonal structure and no indication of a 
secondary phase was observed. The lattice parameters calculated from the XRD 
pattern are a -b= 3.248 A and c = 5.205 A which are quite close to the values reported 
in the literature (Xi-Wen et al. 2006). The maximum deviation that occurred between 
the observed and calculated values of interplanar spacing (d) remains less than 0.0011 
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A. The particle size of the sample was found to be -29 nm estimated by the line width 
of the (101) XRD peak. Con A did not show any measurable diffraction peaks (Fig. 
38b). The X-ray diffraction pattern of Con A coated nanoparticles showed the 
presence of weak diffraction peaks (Fig. 38c). 
5.1.3.2. AFM and SEM analysis 
Fig. 39a depicts the AFM image of ZnO nanoparticles where as its 3D image 
with corresponding height has been shown in Fig. 39b. It is very clear that the lateral 
size of the particles imaged by the AFM is large due to the convolution effect of the 
tip. But the image depicting the height of nanoparticle represents its size more 
accurately. Tapping mode AFM was used as a sizing tool for investigating the size of 
nanoparticles (Verbiest et al. 2012). Only minor height variations were found upon 
particle surface due to ligand exchange. Fig. 39c shows the AFM image of Con A 
while the uniform upright growth of Con A can be visualized in Fig. 39d. The 
adsorption of Con A on the surface of ZnO nanoparticles resulted in the formation of 
stronger and smoother surface over long length scales presented in Fig. 39e and 39f 
SEM observations further confirmed AFM results. Fig. 40a shows SEM image 
of the ZnO nanoparticles and it clearly demonstrates the aggregation of ZnO 
nanoparticles in clusters. Each bunch was composed of closely packed nanometer 
scale rods forming a radiating structure resulting from freeze-drying of the sample. It 
is thus confirmed that the projections are formed over the surface of the nanoparticles. 
SEM and AFM showed the morphological homogeneity of the ZnO nanoparticles. 
The irregular surface structure of Con A can be viewed in Fig. 40b. On the other hand, 
Fig. 40c revealed the compact dense structure of Con A coated ZnO nanoparticles. 
5.1.3.3. FTIR 
Fig. 41a shows the peaks at 1468.57 cm"' and 1432.81 cm'' corresponding to 
ZnO vibrations. Xi-Wen et al. (2006) reported the location of ZnO related vibration 
peak at 1500 cm"' (Yaowalak et al. 2009). FTIR analysis revealed the presence of 
amide I (1649.91 cm''), amide II (1542.54 cm''), amide III (1232.38 cm'') and amide 
IV (671.70 cm'') bands as they can be viewed in Fig. 41b. It manifested that the main 
structure consisted of a-helix and p-sheets with more predominance of (3 sheet forms, 
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Fig. 38. XRD pattern of (a) ZnO nanoparticles (b) Con A was carried out using a 
diffractometer with Cu anode (Cu- Ka radiation X=1.54186 A) in the range of 20°: 
2e< 80° at 30 kV. 
'< 
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Fig. 38(c). XRD pattern of Con A coated ZnO nanoparticles was carried out using a 
diffractometer with Cu anode (Cu- Ka radiation A,=1.54186 A) in the range of 20''< 
20< 80° at 30 kV. 
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Fig. 39. AFM micrograph of (a) ZnO nanoparticles, (b) 3D image of ZnO 
nanoparticles. Tapping mode AFM experiment was performed using commercial 
etched silicon tips as AFM probes with typical resonance frequency of ca. 300Hz. 
116 
Chapter V(A) 
IMitt 
IMm 
0 (im 
Fig. 39. AFM micrograph of (c) Con A, (d) 3D image of Con A. Tapping mode AFM 
experiment was performed using commercial etched silicon tips as AFM probes with 
typical resonance frequency of ca. 300Hz. 
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Fig. 39. AFM micrograph of (e) Con A coated ZnO nanoparticles, (f) 3D image of 
Con A coated ZnO nanoparticles. Tapping mode AFM experiment was performed 
using commercial etched silicon tips as AFM probes with typical resonance frequency 
of ca. 300Hz. 
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Fig. 40. SEM image of (a) ZnO nanoparticles. 
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Fig. 40. SEM images of (b) Con A, (c) Con A coated ZnO nanoparticles. 
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Fig. 41. FTIR spectra of (a) ZnO nanoparticles, (b) Con A. The calibration was done 
by polystyrene film. The sample was injected by Hamiet 100 ]xL syringe in ATR box. 
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thus showing the structure of tj/pical Con A (Pathmamanoharan et al. 1996). The 
carboxyl groups of Con A were observed at 2361.70 cm"'. Moreover, the two minor 
peaks which were detected at 2970.09 cm"'and 3292.19 cm"' illustrated asymmetric 
methyl stretch and hydroxyl group, respectively (Mandal et al. 2010). Fig. 41c 
demonstrates the linking pattern of Con A with ZnO nanoparticles. The peak at 
1629.86 cm"' indicates the linkage of carboxyl group of Con A with ZnO 
nanoparticles while the linkage of amino group of Con A with ZnO nanoparticles is 
observed at peak values of 3572.35 cm"' and 3378.50 cm"' (Nel et al. 2006). 
5.1.3.4. Hemagglutination test 
The hemagglutination of Con A coated nanoparticles is performed to confirm 
Con A activity. Table 1 represents that Con A coated ZnO nanoparticles exhibit 
activity in the range of pH 5 to 7 in contrast to native Con A which shows the activity 
at pH 6 and 7 only. ZnO nanoparticles alone do not show any hemagglutination 
activity. Hemolysis of RBC takes place below pH 5 and above pH 7, so no activity is 
observed in native Con A and Con A coated nanoparticles. Multipoint attachment of 
Con A to ZnO nanoparticles is supposed to be accompanied by the improved Con A 
activity under acidic conditions (Femandez-Lefliente et al. 1995). 
5.1.3.5. Intrinsic fluorescence 
Fig. 42a depicts the pH-associated conformational changes in Con A. On 
decreasing the pH from 7 to 2, there is a slight decrease in fluorescence intensity of 
native Con A as well as Con A coated nanoparticles. On increasing the pH from 7 to 
10, there is significant increase in fluorescence intensity in native Con A as well as 
Con A coated nanoparticles. Fig. 42a clearly demonstrates that Con A coated 
nanoparticles have more fluorescence intensity in basic condition as compared to 
native Con A. It can be concluded that varying acidic pH from 5 to 2, ZnO 
nanoparticles provide protection to Con A. Fig. 42b demonstrates the wavelength as a 
function of pH. On decreasing the pH from 7 to 2 there was a blue shift of 2 nm in 
native Con A as well as Con A coated nanoparticles. On the other hand, on increasing 
the pH from 7 to 10, there was a red shift of 2.6 nm in native Con A and 1 nm in Con 
A coated nanoparticles. 
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Fig. 41. FTIR spectra of (c) Con A coated ZnO nanoparticles. The calibration was 
done by polystyrene film. The sample was injected by Hamiet 100 ^L syringe in ATR 
box. 
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Table 1. Activity profile of Con A and Con A coated ZnO nanoparticles at different 
pH. 
pH profile 
pH4 
pH5 
pH6 
pH7 
pH8 
Con A native 
(Titer) # 
0 
8 
128 
128 
0 
ZnO nanoparticles 
(Titer)# 
0 
0 
0 
0 
0 
Con A coated 
nanoparticle 
(Titer)# 
0 
64 
256 
256 
0 
# The titer of the tested lectin (25 |ig/ml) is expressed as the reciprocal of the highest 
dilution showing agglutination of trypsnized rabbit erythrocytes 
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Fig. 42. Effect of pH (a) Fluorescence of Con A (•) and Con A coated nanoparticles 
(•) at pH range from 2 to 10 on excitation of 280 nm (peaks on respective days are 
plotted). All the data has been expressed in the mean ± SD of three individual 
samples. Significantly different at p < 0.05. 
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Fig. 42. Effect of pH (b) Shift in wavelength of Con A (•) and Con A coated 
nanoparticles (•) on excitation of 280 nm. All the data has been expressed in the 
mean ± SD of three individual samples. Significantly different at p < 0.05. 
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5.1.3.6. Treatment of Plasmid pUC19 DNA with Con A coated ZnO 
nanoparticles 
The damaging effect if any of bioaffinity support on plasmid DNA is assessed 
in terms of band intensity and mobility changes induced upon incubation of pUC19 
with Con A coated nanoparticles. No difference in band intensity and a slight 
difference in mobility were observed as compared to negative control (Fig. 43). There 
is a small difference in mobility of Con A coated ZnO nanoparticles treated plasmid 
(Lane 2) as compared to negative control (Lane 1). Plasmid treated with methyl 
methane sulfonate (25 i^ g/ml) is converted from supercoiled to open circular and 
linear form (Lane 3). Upper band represents open circular plasmid and lower band 
depicts super coiled plasmid, treated plasmid moves slow as compared to control 
plasmid. Since the nicking of plasmid had not taken place, thus Con A layered ZnO 
nanoparticles can be used to immobilize glycoenzymes. 
5.1.3.7. Effect of Con A coated ZnO nanoparticles on DNA breakage in 
lymphocyte 
Fig. 44a shows the negative control image of comet assay. Lymphocyte nuclei 
damage by Con A coated ZnO nanoparticles are shown in Fig. 44b. It clearly 
demonstrates that Con A coated ZnO nanoparticles did not cause significant damage 
and does not have a genotoxic effect. Fig. 44c represents the nuclei damage of 20 |im 
lymphocyte treated with methyl methane sulfonate as positive control. It clearly 
shows the damage to nuclei in the form of comet tail. It is noteworthy that with Con A 
coated ZnO nanoparticles at 50 ^M concentration, only a minor degree of nuclear 
DNA breakage (6 ycm) is observed (Fig. 45). This negligible DNA damage in case of 
Con A coated nanoparticles treated lyinphocyte may be occurring because of the fact 
that the nuclear pore complex is permeable to small molecules such as the solid 
support (Husain & Naseem 2008). 
5.1.4. Discussion 
The effect of nanoparticles on proteins has not been studied to a much greater 
extent. To measure the structural and functional stability of proteins upon interaction 
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Fig. 43. Plasmid DNA breakage on incubation for 3 hr at 37 °C in negative control 
(Lane 1), treated by Con A layered ZnO nanoparticles (25 ^g/ml) (Lane 2) and 
positive control of plasmid treated with 3 \i\ of methyl methane sulfonate (25 |jg/ml) 
(Lane 3). OC denotes open circular, L denotes linear and SC denotes supercoiled form 
of plasmid DNA. 
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Fig. 44. Images of Lymphocyte nuclei damage (a) negative Control (b) treated by 
Con A coated Zno nanoparticles (25 |ig/ml) and (c) treated by 3 |xl of methyl methane 
sulfonate (25 ng/ml) as positive control. 
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Fig. 45. Lymphocyte DNA breakage in negative control (C), treated by Con A layered 
ZnO nanoparticles (T) (25 |xg/ml) and treated by 3 \i\ of methyl methane sulfonate (25 
)ig/ml) as positive control (PC). Error bars indicate the mean ± SD of three individual 
samples. Significantly different at p < 0.05. 
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with nanoparticles is crucial for understanding the effects of NPs in biological 
systems and designing of NPs based drug delivery system. XRD analysis showed that 
ZnO nanoparticles are formed in single phase with hexagonal crystal symmetry. The 
lattice parameters calculated from XRD pattern were a -b=3. 248 A and c=5.205 A. 
All the peaks and observed 20 values were concurrent with earlier report (Joint 
Committee on Powder Diffraction Standards No 36-1451). The particle size estimated 
from 101 line width of the sample XRD peaks was found to be -29 nm (Fig. 38a). 
The X-ray diffraction pattern of Con A showed that protein was amorphous in nature 
therefore very weak diffused pattern achieved; no sharp peak was observed in Con A 
sample to calculate the protein size (Fig. 38b). XRD results clearly showed the weak 
diffraction peak of Con A coated nanoparticles owing to the presence of Con A on the 
surface of ZnO nanoparticles that absorbed the X-ray beam and did not allow the 
proper diffraction (Fig. 38c). 
AFM of Con A coated nanoparticles demonstrated the formation of smooth 
surface which may be due to the layer of Con A present on the surface of 
nanoparticles (Fig. 39e). 3D image of Con A coated nanoparticles showed the similar 
results as the 2D image (Fig. 39f). AFM is a powerful tool for the characterization of 
nanostructures (Sarid 1991, Magonov & Whangbo 1996) because of its ease of 
operation and widespread accessibility making an interesting technique for surface 
morphological studies. SEM of Con A coated nanoparticles looked like an egg in a 
tray which was due to the interaction of nanoparticles with the Con A placed in a 
buffer that may lead to the opening of the bunch of nanoparticles (Fig. 40c). 
FTIR revealed the linking of carboxyl and amino groups of Con A with ZnO 
nanoparticles which ftirther confirmed the interaction of Con A with ZnO 
nanoparticles (Fig. 41c). It is generally known that erythrocytes with mannose on their 
surfaces interact with Con A leading to their precipitation. Higher hemagglutination 
activity of the Con A coated nanoparticles suggested that large amount of Con A was 
adsorbed on the surface of ZnO nanoparticles (Table 1). One step explanation for the 
acid resistance achieved by the immobilized Con A is the prevention of denaturation 
of the protein by nanoparticles. 
At low pH, partially folded state of ovalbumin attains the aggregated state 
(Naeem et al. 2011). The results of the present study demonstrate that under the 
experimental conditions, the conformation of Con A is strongly pH dependent. The 
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fluorescence data suggests that its conformational state does not remain the same Hke 
that of the native state in the presence of ZnO nanoparticles (Fig. 42a). The sensitivity 
of Con A to alkaU indicates that electrostatic interactions are important in maintaining 
the unique conformation of Con A. In the presence of ZnO nanoparticles at acidic pH, 
Con A can maintain a stable conformational state that is different from the native 
state. This change may involve the masking of Trp residues or the provocation of 
some conformational changes in the lectin which results in the internalization of Trp 
residues. Thus, it can be concluded that ZnO nanoparticles are responsible for the 
protective effect at all the acidic pH values while this effect was absent in case of 
alkaline pH. 
Plasmid nicking assay and comet assay were performed to check to check its 
toxicity to DNA or whole cell. There was no significant damage in both cases. A 
random single-strand cut of supercoiled DNA leads to relaxed (open circular) 
duplexes. Linear duplex DNA will only be produced when 1wo single-strand nicks 
have occurred on opposite strands but sufficiently close in base sequence position to 
allow local duplex 'melting' between and permit strand separation. No linear form of 
plasmid was observed after incubation with Con A coated nanoparticles (Fig. 43). In 
the alkaline-comet assay that is used to assess DNA damage in whole cells. Control 
and Con A coated ZnO nanoparticles-treated cells are embedded in melted agarose, 
spread onto microscope slides and lysed with a hypotonic solution at denaturing pH 
(~pH 13), which induces the radial diffusion from the nucleus of single-stranded DNA 
fragments and generates, upon incubation with ethidium bromide, a fluorescent image 
similar to a halo concentric to the nuclear remnants. The greater the level of DNA 
fragmentation the bigger the area of the halo (Fig. 44), thus allowing a quantitative 
determination of the nuclear injury. The nature of the nuclear DNA injury revealed in 
lymphocyte cells by the alkaline-comet assay is consistent with the plasmid nicking 
assay. 
Various lectins with specific carbohydrate binding properties have been used 
to identify specific cell surface carbohydrate compositions in normal and neoplastic 
cells (Pinto et al. 2010, Ferriz-Martinez et al. 2010). Con A has been reacting with 
cell membrane glycoproteins in a wide variety of neoplastic tissues (Li et al. 2010). 
Several studies have shown that cells transformed by RNA or DNA containing viruses 
are agglutinated by Con A at a concentration that fails to agglutinate the non-
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transformed cells (Inbar & Sachs 1969). Con A has been used to measure lateral 
diffusion of glycoproteins, glycolipids and viruses in membranes. Here, suggested a 
lectin based biosensor for the detection of neoplastic and virus transformed cells by 
Con A coated ZnO nanoparticles. Thus, this method will expedite the identification of 
plasma membrane proteins from tissue or cells for identifying membrane biomarkers. 
Con A coated ZnO nanoparticles have the potential to be used as a diagnostic 
tool to detect the virus transformed cells and neoplastic cells in the samples of patients 
suffering from cancer or other diseases. Although, it is quite premature to state it and 
hence needs extensive research before its clinical application. 
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5.2.1. Introduction 
Understanding and controlling fundamental aspects of protein-nanoparticle 
interactions is essential to designing functional nanobiomaterials. In particular, the 
attachment of nanoparticles (NPs) to proteins has found applications in imaging (Kim 
et al. 2006, Jokerst et al. 2011), catalysis (San et al. 2012), delivery (Das et al. 2012), 
control of protein activity with an external field (Ipe et al. 2006) and in understanding 
a local structure in protein folding (Ge et al. 2011). The effect of NPs on proteins 
relatively remained less studied. To measure the structural and functional stability of 
proteins upon interaction with NPs is crucial to understanding of the effects of NPs in 
biological systems and designing of NPs based drug delivery system. 
On the nanometer scale, surface effects become dramatically enhanced and 
could impair the integrity of biomolecules. NPs are more complex than a simple hard 
sphere, as it is often approximated. NPs surfaces represent a significant portion of the 
particle. When NPs interact with proteins, they might alter protein conformation, 
expose new epitopes on the protein surface, or perturb the normal protein function, 
which could induce unexpected biological reactions and lead to toxicity (Lundqvist et 
al. 2008, Deng et al. 2011). A central issue is that both the structure and function of 
the protein must be maintained. 
Recently, ZnO-NPs have attracted the attention of the biotechnologists as they 
can be surface functionalized with a wide range of metal and semiconductor core 
materials thereby imparting useful properties with potentially wide-ranging 
therapeutic applications (George et al. 2010, Yan et al. 2011). ZnO is a compound 
with wide application in various industries. The low cost and non-toxicity of ZnO 
uniquely make it suitable for many purposes. An important aspect in understanding 
the fate of NPs in biological systems is their behaviour towards proteins. 
Lectins constitute a group of proteins with unique affinities toward different 
carbohydrate structures. The most widely used lectins are Con A and wheat germ 
agglutinin. Con A is a 104 kDa jack bean lectin (Naeem et al. 2005) composed of four 
identical protomers, held together by polar interaction, hydrogen bonds and 
electrostatic interaction (Khan et al. 2010). No findings up to now report the study on 
the effect of NPs on the conformational and functional changes of all-P protein Con 
A. Changes in protein conformation upon interaction with NPs can have profound 
133 
Chapter V(B) 
effects on the function of the protein, with potential for toxicological repercussions or 
decreased viabiHty. It is, therefore, essential to achieve a comprehensive 
understanding of how Con A structure, and function are influenced by ZnO-NPs 
characteristics such as size, curvature, morphology, and surface chemistry. 
Conformational transition, leading to peptide aggregation and the formation of 
amyloid fibrils, has been implicated in the pathogenesis of several neurodegenerative 
diseases. NPs catalyze the formation of protein fibrils provide evidence that 
interactions between proteins and nanophase materials can induce modifications in 
protein structure, leading to the growth of extended assemblies (Colvin & Kulinowski 
2007). Gold and silica have been extensively used for protein attachment (Jans & Huo 
2012). In this study, Con A was used as a model protein, a well-known glucose 
binding proteiri and ZnO-NPs. 
The structural and stability changes in Con A upon interaction with ZnO-NPs 
was analyzed. The purpose of this chapter is to study the effect of ZnO-NPs on 
unadsorbed Con A. A variety of physical and spectroscopic techniques were used to 
characterize changes in protein structure and activity, as well as the stability and 
morphology of the unadsorbed Con A. In the present work, it was investigated 
whether NPs induces the intermediate states in Con A vulnerable to aggregation and 
also check the genotoxicity of the aggregated product. Detailed information about 
these interactions is still lacking. 
5.2.2 Materials and methods 
5.2.2.1. Chemicals 
Con A from Aspergillus niger, zinc acetate dihydrate, ethylene glycol, 2-
propyl alcohol, triethylamine and glycerol were obtained fi-om SRL Chemicals 
(Mumbai, India). ANS, Congo red as well as ThT, were obtained from Sigma (St. 
Louis). All other chemicals used for making buffers and reagents are all of analytical 
grade. 
5.2.2.2. Synthesis of ZnO nanoparticles 
ZnO-NPs were synthesized by sol-gel method. The solution was prepared by 
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using zinc acetate dihydrate (99.5%), ethylene glycol, 2-propyl alcohol and glycerol. 
100 g of Zn (CH3COO)2. 2H2O was mixed with 25 ml ethylene glycol at 150 °C for 
15 min to obtain a uniform transparent solution. The solution was solidified to a clear 
brittle solid on cooling down to room temperature. After that it was fiirther dissolved 
in 200 ml 2-propyl alcohol. The resulting solution obtained was found to be highly 
hydrophobic and converted into gel by adding few drops of water. Further, 
triethylamine was added to facilitate the hydrolysis of zinc acetate. The solution 
resulted into light brown powder upon incubation at 200 °C for 6 hr. The resulting 
powder was initially heated in a programmable furnace at 450 °C for 8 hr and then at 
700 °C for 5 hr to remove all organic impurities gives up white pure ZnO powder. 
5.2.2.3. XRD and AFM 
The studies on the structure of ZnO-NPs was carried out using a Rigaku X-
ray- powder diffractometer with Cu anode (Cu-Ka radiation A,=1.54186 A) in the 
range of 20°< 29<80° at 30 kV. In order to estimate the particle size (D) of the sample 
Scherer's formula was used (Cullity 1978): 
D = 0.9 X/B cos 0 
Where A, was the X-ray wavelength (1.5418 A), B was the fiill width at the half-
maximum of the ZnO (101) line and 9 was the diffraction angle. 
Tapping mode AFM of ZnO-NPs was carry out using commercial etched 
silicon tips as AFM probes with typical resonance frequency of ca. 300Hz (RTESP, 
Veeco). 
5.2.2.4. Preparation of samples 
All samples were prepared in 0.2 M potassium phosphate buffer (pH 7.2). A 8 
^M concentration of Con A was used. Before use, the protein solution was 
exhaustively dialyzed in 0.2 M potassium phosphate buffer (pH 7.2) using membrane 
tubing at 4 °C. As ZnO-NPs have a tendency to form aggregates in solution, the 
colloidal suspension of ZnO-NPs was sonicated extensively before use (Chatterjee et 
al. 2010). A 1:1 molar ratio of NPs and Con A was used to study the NPs-Con A 
interaction, and the samples were incubated for 12, 24, 36 and 48 hr at 37 °C. The 
suspension was then centrifuged at 5000 g and the concentration of the unadsorbed 
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protein in the supernatant was determined spectrophotometrically using molar 
extinction coefficient on Hitachi single beam spectrophotometer using 1 cm path 
length (Pace e^  fl/. 1995). 
5.2.2.5. Haemagglutination 
Haemagglutination activity of native Con A and unadsorbed Con A was 
detected by using trypsinized erythrocytes. The lectin solution was serially diluted in 
microtiter V plate (50 |il) was mixed with 50 \x\ of 4% suspension of rabbit red blood 
cells. Haemagglutination was monitored after 1.5 hr at room temperature. 
5.2.2.6. Fluorescence studies 
Fluorescence data were recorded with a RF-150I spectrofluorophotometer 
(Shimadzu Co. Japan) using excitation wavelength of 280 nm, while its emission 
spectrum was recorded in the range 300-400 nm. The intrinsic fluorescence of the 
proteins arises from the aromatic amino acid residues such as Trp, tyrosine, and 
phenylalanine. We have used here the fluorescence of the intrinsic Trp residues, 
which are available in the protein under this study. Fluorescence spectra were 
recorded in a lO-mm pathlength quartz cell. Protein concentration used for 
fluorescence studies was 1 |J,M. 
5.2.2.7. ANS fluorescence measurements 
ANS is a naphthalene dye that is strongly quenched by water and undergoes a 
dramatic increase in fluorescence intensity when it binds to hydrophobic regions of 
proteins. ANS fluorescence was measured using an excitation wavelength at 380 nm, 
with the emission recorded at 400-600 nm. ANS concentration was taken 100 molar 
excess of protein concentration while protein concentration was taken in the vicinity 
of 4.5 i^M (Matiilis et al. 1999). 
5.2.2.8. ThT assay 
ThT fluorescence emission was measured with excitation at 440 nm and 
recording the spectrum between 460 and 600 nm with 5 nm slits width. Final 
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concentration of protein in the sample was 2 [iM while the concentration of ThT was 
10|uM. 
5.2.2.9. FTIR spectra of Con A, unadsobed Con A 
A INTERSPEC 2020 model FTIR instrument was used to record infrared 
spectra of the native Con A and unadsorbed Con A. The samples were injected by 
Hamiet 100 )j,L syringe in ATR box. Proceeding to loading, the syringe was first 
washed by acetone followed by distilled water. FTIR absorption spectra of all the 
proteins samples were measured on the same samples of 1500 to 1700 cm"' spectral 
region. FTIR analysis was done to monitor the interaction of fimctional groups of the 
Con A with ZnO-NPs. 
5.2.2.10. CD studies 
CD was performed on JASCO J-815 spectropolarimeter calibrated with 
ammonium D-10- camphorsulfonate. Spectra were measured between 250-190 and 
300-250 nm, with three scans. Protein concentrations used were 2 ^M for far-UV and 
3 i^M for near-UV CD analysis in the presence of 20 mM phosphate buffer (pH 7.2). 
The results were expressed as the mean residue ellipticity (MRE in degree cm . dmoF 
'), which was defined as: 
MRE= ^obs(m°) 
10 X n X Cp X / 
where o^bs, was the observed ellipticity in degrees (°), Cp the molar fraction, and '/' 
the length of light path in cm. 
5.2.2.11. Congo red (CR) assay 
Spectrophotometric analysis of CR-Con A binding was performed using a 
Shimadzu UV-1700 Spectrophotometer; all measurements were taken in wavelength-
scanning mode (400-700 nm). Samples were prepared with protein concentration of 
0.4 mg/ml. 60 |.il of each sample is added to 440 jil of a solution containing 20 |iM 
CR in 20 mM phosphate buffer. After 2-3 min of equilibration, absorbance was 
recorded (Semisotnov et al. 1991). 
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5.2.2.12. Treatment of pUC19 DNA plasmid with unadsorbed Con A 
The ability of unadsorbed Con A to cause DNA fragmentation of pUC19 DNA 
plasmid was assessed by the DNA nicking assay. Reaction mixture (30 juL) 
containing Tris-HCl buffer (pH 7.5, 10 mM), pUC19 DNA plasmid (0.5 pg) and 3 ^L 
of Con A treated with ZnO-NPs was incubated for 3 hr at 37 °C. 10 pL of a solution 
containing 40 mM EDTA, 0.05% Bromophenol blue (tracking dye) and 50% (v/v) 
glycerol was added after incubation and the solution was then subjected to 
electrophoresis in submarine I % agarose gel. Ethidium bromide stained gel was then 
analysed and photographed on a UV-transilluminator. 
5.2.2.13. Comet assay (single cell gel electrophoresis) of the unadsorbed Con A 
Isolated lymphocytes were exposed to unadsorbed Con A in a total reaction 
volume of 1.0 ml. Incubation was performed at 37 °C for 1 hr,, After incubation, the 
reaction mixture was centrifiiged at 718 g, the supernatant was discarded and pelleted 
lymphocytes were resuspended in 100 pL of PBS and processed for Comet assay. 
Comet assay of treated Con A was performed under alkaline conditions by the 
procedure of Khan et al. (2011). 
5.2.2.14. Statistics 
All the data have been expressed as error bar in this paper. All the experiments 
were performed independently at least three times. Statistical analyses were 
performed with one-way ANOVA software. 
5.2.3. Results 
5.2.3.1. XRD and AFM analysis of ZnO-NP 
Fig. 46 demonstrates a typical XRD pattern of ZnO-NP at room temperature. 
XRD diffraction pattern showed that the sample formed in single phase with 
hexagonal crystal symmetry. All the peaks were similar to hexagonal structure there 
by revealing no indication of a secondary phase. The lattice parameters calculated 
from the XRD pattern were a=b=3.248°A and c=5.205°A. Maximum deviation that 
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Fig. 46. XRD pattern of ZnO nanoparticles was carried out using diffractometer with 
Cu anode (Cu- Ka radiation ?.=! .54186 A) in the range of 20°< 2e< 80° at 30 kV. 
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occurred between observed and calculated values of 218 interplanar spacing (d) 
remained below 0.0011 °A. The particle size of the ZnO-NPs was found to be -24 nm 
estimated by the line width of the (101) XRD peak. Fig. 47 showed the AFM image of 
ZnO-NPs displayed uniform smooth surface over long length scales. 
5.2.3.2. Hemagglutination test 
Table 2 demonstrates the hemagglutination activity profile of unadsorbed Con 
A. On increasing the time of incubation of Con A with ZnO-NPs a decrease in the 
activity of Con A was observed. Negligible activity of Con A v/as found at 48 hr of 
incubation. 
5.2.3.3. Fluorescence analysis 
Intrinsic fluorescence is a sensitive index of alteration in ]3rotein conformation. 
Proteins contain three aromatic amino acid residues (Trp, tyrosine, and phenylalanine) 
which may contribute to their intrinsic fluorescence. The intrinsic fluorescence 
maximum is an outstanding parameter to monitor the polarity of the Trp atmosphere 
in the protein and thus it is very responsive to the protein environment (Stryer 1968). 
In the native state of Con A, there are two exposed Trp residues. One Trp is involved 
in monomer-monomer contact (residue no. 88) (Pelley & Horowitz 1976). Fig. 48 
depicts the fluorescence intensity of unadsorbed Con A as a function of increasing 
time of incubation with ZnO-NPs. Native Con A (curve 1) and Con A incubated with 
ZnO-NPs for 12 hr (curve 2) possess emission maximum at 340 nm. On increasing 
time of incubation there was an increase in fluorescence intensity upto 24 hr (curve 3), 
indicating that the Trp environment of unadsorbed Con A at 24 hr was different from 
its native form (curve 1). On further increasing the time of incubation to 36 hr (curve 
4), Con A fluorescence intensity was found to decrease, suggesting that the Trp 
residues were again relocating to the same environment. On the other hand, further 
enhance in incubation time to 48 hr (curve 5), there was a regular decrease in 
fluorescence intensity, suggesting that the Con A are getting denatured on increasing 
the time of incubation. This decrease in fluorescence intensity with 10 nm red shift 
(curve 5) also indicating the aggregation of unadsorbed Con A. 
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Fig. 47. 3D AFM micrograph of ZnO nanoparticles. Tapping mode AFM experiment 
was performed using commercial etched silicon tips as AFM probes with typical 
resonance frequency of ca. 300Hz. 
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Table 2 Activity profile of treated Con A at different time of incubation 
Time of incubation 
(hr) 
0 
12 
24 
36 
48 
Treated Con A 
(Titer)# 
128 
128 
64 
64 
8 
# The titer of the tested lectin (2 ^M) is expressed as the reciprocal of the highest 
dilution showing agglutination of trypsinized rabbit erythrocytes 
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Fig. 48. The intrinsic tryptophan fluorescence emission spectra of native Con A 
(curve 1) and ZnO-NPs incubated Con A for 12 hr (curve 2), 24 hr (curve 3), 36 hr 
(curve 4) and 48 hr (curve 5). The excitation wavelength was 280 nm. 
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5.2.3.4. ANS fluorescence analysis 
Binding of ANS to hydrophobic regions of protein has been widely used to 
study the molten globule state formed during protein folding (Lamba et al. 2009). The 
alterations in conformation of unadsorbed Con A were further confirmed by 
measuring changes in ANS fluorescence. Fig. 49 clearly reveals the increase in ANS 
fluorescence intensity from 0 to 36 hr of incubation and declined subsequently. 
Incubation of Con A with ZnO-NPs apparently exposed hydrophobic regions of the 
protein making them available for ANS binding. As hydrophobic cluster are loosely 
packed resulting in large surface area and high ANS binding are the characteristic of 
molten globule state, hence the state achieved at 36 hr is characterized as molten 
globule. Molten globule shows the maximum ANS binding followed by aggregates at 
48 hr of incubation as the hydrophobic residues get buried due to intermolecular 
protein interaction. These results are in agreement with those obtained from intrinsic 
fluorescence (Fig. 48). 
5.2.3.5. Thl assay 
ThT is an amyloid-specific dye and shows fluorescence on excitation at 440 
nm upon binding with amyloid fibrils but not with native and soluble proteins with 
emission maxima around 482 nm (LeVine 1999). It binds to intermolecular P-sheets 
present in aggregates (Naeem et al. 2011). Fig. 50 depicts the ThT fluorescence 
profile of Con A incubated with ZnO-NPs. Native Con A displays the weak 
fluorescence signal. With increase in the time of incubation an increase in ThT 
fluorescence suggests the aggregate formation of unadsorbed Con A. 
5.2.3.6. FTIR analysis 
FTIR spectroscopy has been shown to be a sensitive indicator of protein 
secondary structure (Li et al. 2011). Recent technical advances in FTIR allow IR 
spectroscopy of proteins in aqueous solution (Haris & Severcan 1999) and therefore 
permit direct comparison with the results of CD studies. As depicted in Fig. 51, 
wavenumber analyses between 1,500 and 1,700 cm'' revealed a peak corresponding to 
the region of amide band protein (NH). The amide I region of the infrared spectrum of 
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Fig. 49. The fluorescence of ANS bound to the native Con A, ZnO-NPs incubated 
Con A versus time of incubation in hr. The excitation wavelength was 380 ran (Peaks 
achieved at respective hr are plotted) with a slit width of 5 nm. Values represent mean 
± SD (n=3). *p < 0.05 with respect to control. 
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Fig. 50. ThT fluorescence for quantifying amyloid fibril formation of native Con A, 
ZnO-NPs incubated Con A versus time of incubation in hr. The excitation wavelength 
was 440 nm (Peaks achieved at respective hr are plotted) with a slit width of 5 nm. 
Values represent mean ± SD (n=3). *p < 0.05 with respect to control. 
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Fig. 51. FTIR spectra of native Con A (curve 1) and ZnO-NPs incubated Con A for 
24 hr (curve 2), 36 hr (curve 3) and 48 hr (curve 4). 
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native Con A shows a maximum at about 1,635 cm"' and a very intense shoulder 
around 1,535 cm"' displaying characteristics of P-sheet structure (curve 1). When Con 
A was incubated for 36 hr with ZnO-NPs (curve 3), peak at around 1635 cm" was 
obtained matching to the range in which P-sheet structure is observed and 
accompanied by a loss in peak at 1,535 cm" . Indicating that this state has p-sheet 
organization similar to the one present in the native state. Thus, this state can be 
further established as molten globule state. Moreover, at 48 hr, peak around 1,624 
cm"' was obtained and loss in peak at 1,535 cm"' (curve 4) which suggests that this is 
aggregated state. These aggregated species as usual have a large amount of P-sheet 
structure. This type of FTIR spectra was observed in amyloid fibrils confirming the 
presence of aggregates (Muga et al. 1993, Chiti et al. 1999). 
5.2.3.7. CD spectroscopy 
CD spectroscopy has been traditionally used to measure the secondary 
structure of a protein. It has also served as a useful tool for probing a secondary 
structure of the protein in presence or in absence of NPs. Fig. 52a shows far-UV CD 
spectra of Con A in its native, molten globule and aggregated states with the minima 
in the range between 220 nm and 225 rmi. Curve 1 represents native state with 
minima at 223 nm that corresponds to the p-sheet like conformation of protein which 
has been previously detected in various proteins including Con A (Khan et al. 2005). 
On increasing the time of incubation to 24 (curve 2), 36 (curve 3) and 48 hrs (curve 
4), Con A retained the P-sheet structure with decrease in negative MRE. 
The ZnO-NPs induced transition monitored by elipticity at 223 nm showed the 
presence of the residual sheet structure at 36 hr (curve 3), indicating the stability of 
the protein secondary structure. This type of change observed in the CD spectra at 36 
hr upon modification suggests that there may be formation of molten globule like 
structures. With further increase in incubation time decrease in negative MRE value 
was observed relative to native protein, with a weak peak at 223 nm (curve 4). 
Signifying that state at 48 hr is also having secondary structure similar to P-sheet. 
Nevertheless, on going from native—^molten globule^aggregated state, a continuous 
decline in negative MRE value was observed. 
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Fig. 52(a). Far-UV CD spectra of native Con A (curve 1) and ZnO-NPs incubated 
Con A for 24 hr (curve 2), 36 hr (curve 3) and 48 hr (curve 5) showing changes in 
secondary structure. 
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Fig. 52b depicts the near-UV CD spectra of unadsorbed Con A at various 
incubation time with ZnO-NPs. Curve 1 of Fig. 52b represents the native preparation, 
curves 2, 3 and 4 of Fig. 52b represent Con A incubated with ZnO-NPs for 24, 36 and 
48 hr, respectively. Two prominent positive peaks at 292 and 277 nm characterize the 
native Con A (curve 1) (Ahmad et al. 2007). Since Trp clusters acts as chromophores 
in the region of 280-300 nm, positive peaks at 24 hr (curve 2) are mainly contributed 
by Trp indicating tertiary structure. Con A incubated with ZnO-NPs for 36 hr (curve 
3) also showed decrease in positive MRE but it also revealed clear peaks at 292 and 
277 nm probably due to the formation of predicted molten globule state. Near 
complete loss of signals after extension of the incubation for 48 hr indicates 
aggregation of Con A (curve 4). This observation supports the result of far UV-CD 
spectrum on the time dependent alterations. 
5.2.3.8. CR analysis 
The azo dye CR has a high affinity for the P-pleated structure of all forms of 
amyloid. CR is structurally similar to ThT and has similar specificity toward P-sheet 
rich structures. The repeating P-sheet structure allows the hydrophobic dye like CR to 
interact with regularly spaced protein chains, which is commonly used to monitor 
amyloid formation in-vitro. Binding of CR dye to protein induces a characteristic 
increase in absorption and red shift from 490 nm to 540 nm (Hudson et al. 2009). As 
shown in Fig. 53, nafive Con A (curve 1) and Con A incubated for 36 hr (curve 2) 
showed peak at 490 nm. At 48 hr (curve 3) of incubation, there is a red shift of 50 nm 
in the peak of unadsorbed Con A. 
5.2.3.9. Treatment of plasmid pUC19 DNA with unadsorbed Con A 
Fig. 54a illustrates the negligible damaging effect Con A incubated for 48 hr 
on plasmid DNA, as the band intensity of treated sample was similar to that of 
negative control (lane 1). Only a minor shift in the band position of plasmid treated 
with unadsorbed Con A (lane 2) was observed. The positive control of methyl 
methane sulfonate (25 |ig/ml) treated plasmid (lane 3) gave 3 bands resulting due to 
conversion of supercoiled plasmid into open circular and linear form. Fig. 54b shows 
the mobility changes in treated plasmid in relation to negative and positive control. 
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Fig. 52(b). Near-UV CD spectra of native Con A (curve 1) and ZnO-NPs incubated 
Con A for 24 hr (curve 2), 36 hr (curve 3) and 48 hr (curve 4). 
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Fig. 53. CR spectral shift assay. Native Con A (curve 1) and ZnO-NPs incubated Con 
A for 36 hr (curve 2) and 48 hr (curve 3). 
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Fig. 54(a). Plasmid DNA breakage in negative control (1), treated by 48 hr sample of 
ZnO-NPs incubated Con A (2) and positive control of plasmid treated with 3 )il of 
methyl methane sulfonate (25 |ig/ml) (3). OC denotes open circular, L denotes linear 
and SC denotes supercoiled form of plasmid DNA. 
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Fig. 54(b). Relative mobility plot of plasmid DNA breakage in negative control (C), 
treated by 48 hr sample of ZnO-NPs incubated Con A (T), treated by 3 |xl of methyl 
methane sulfonate (25 |xg/ml) as positive control (PC). Values represent mean ± SD 
(n=3). *p < 0.05 with respect to control bar "C". 
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5.2.3.10. Effect of unadsorbed Con A on DNA breakage in lymphocytes 
Fig. 55a (i) present the negative control image of comet assay. As shown in 
Fig. 55a (ii) Con A incubated for 48 hrs exhibited only a minor degree of nuclear 
DNA breakage (7 (xm). Fig. 55b illustrates the DNA damage in terms of the tail length 
of comet by histogram. At 3 |iM concentration of unadsorbed Con A caused nuclear 
DNA breakage giving a tail length of about 7 |im in contrast to 18-)im-long tails are 
seen in the nuclei of lymphocytes in the positive control. 
5.2.4. Discussion 
With the rapid growth of nanotechnology, there are growing concerns about 
the toxicity of NPs especially in situations where they serve as drug carriers (Boland 
et al. 2011, Abdelhalim 2011). Direct interaction of NPs with human body fluids, 
which include many different kinds of proteins, could potentially cause unwanted 
biological responses (Richter et al. 2011). Proteins are important biological molecules 
that are fundamental to the proper functioning of cells and organisms. Thus, the 
impact of NPs on living organisms at the protein level is a critical issue that is 
attracting increasing attention. 
Recently, ZnO-NPs have been used in sunscreens, cosmetics, electronics, 
optoelectronics, gas sensors and for environmental remediation (Wang et al. 2008). 
However, studies enumerating the effects of NPs on protein folding and aggregation 
are lacking. Thus, in the present study an effort has been made to understand the 
mechanisms of folding and aggregation of Con A in presence of ZnO-NPs of size -24 
nm (Fig. 46). Table 2 exhibited the activity profile of Con A in presence of NPs. It 
shows that interaction of NPs with Con A for a longer duration results in the loss of 
activity. 
The intrinsic fluorescence (Fig. 48) and ANS binding studies (Fig. 49) 
show that an increase in incubation time resuhs in a considerable increase of 
fluorescence intensity and ANS binding till 36 hr. However further increase in time 
of incubation resulted in a red shift. ZnO-NPs induced red shift of the Trp 
fluorescence spectrum reflects the considerable increase in the accessibility of 
residues to the solvent. It appears that molten globule state observed at 36 hr has 
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Fig. 55(a). Images of Lymphocyte nuclei damage (i) negative Control (ii) treated by 
48 h sample of ZnO-NPs incubated Con A (iii) treated by 3 \i\ of methyl methane 
sulfonate (25 |ig/ml) as positive control (b) Lymphocyte DNA breakage in negative 
control (C), treated by 48 hr sample of ZnO-NPs incubated Con A (T), treated by 3 |il 
of methyl methane sulfonate (25 |xg/ml) as positive control (PC). Values represent 
mean ± SD (n=3). *p < 0.05 with respect to control bar "C". 
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sticky patches as well as high tendency to aggregate. The presence of Con A 
aggregates is confirmed by ThT assay (Fig. 50). The emission intensitiy of ThT is 
known to increase significantly upon binding to the linear array of intermolecular P-
sheets in the aggregates. 
The conformational alteration in Con A by ZnO-NPs were also monitored by 
changes in the amide I band region of the FTIR spectra (Fig. 51). Infrared 
spectroscopy predicts P-strands much better than a-helices (Arrondo et al. 1988). 
Although the native state of Con A have p-sheet as predominant secondary structure 
with no a-helix, the sequence must have some helical propensity. It manifests that the 
main structure is consisted of P-sheet forms. CD is an excellent and sensitive method 
for rapidly evaluating the secondary structure, folding and aggregation properties of 
proteins and recently has also been used to detect structural changes of proteins 
interacting with NPs (Shang et al. 2009). 
The CD spectrum of Con A (Fig. 52a) shows that the native protein retains its 
secondary structure upon interaction with 24 nm ZnO-NPs till 24 hr (curve 2). In the 
case of 36 hr incubated sample (curve 3) a clear change in the CD spectrum could be 
noticed. In the case of 48 hr sample (curve 4) the intensity of the CD spectrum 
decreases significantly compared to the native Con A, thus suggesting that the protein 
aggregates upon interaction with ZnO-NPs. Near UV CD results show that increase in 
incubation time resulted in an apparent loss of tertiary structure (Fig. 52b). Loss of 
signal in near-UV CD analysis at 277 nm also confirms the presence of molten 
globule state at 36 hr of incubation. 
This effect is also confinned by CR analysis measurements which show the 
formation of aggregates. The interaction between CR and protein is due to the 
electrostatic interaction between sulphonic group of CR and positively charged amino 
acids of the protein. An enhancement was observed in the intensity of aggregated Con 
A after binding with CR. This increase clearly originates fi-om the light scattering by 
the Con A aggregates (Fig. 53). However characteristic absorption increase with red 
shift observed upon binding of CR dye to Con A aggregates was also observed (Fig. 
53). 
It was essential to demonstrate the genotoxic effect of unadsorbed Con A on 
pUC19 DNA plasmid (which was observed by DNA fragmentation assay). NPs 
facilitate the process of protein fibrillogenesis, this presents a serious risk to human 
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health and great care would have to be taken to ensure their safe use because protein 
or peptide fibrillogenesis is associated with amyloid diseases such as Alzheimer's and 
Parkinson's (Chiti et al. 2003). It was observed that the aggregated Con A did not 
induce breakage in pUC19 DNA, there by indicating non-toxicity of the aggregated 
protein (Fig. 54). 
Single-cell gel electrophoresis (SCGE) is a very sensitive method for 
measuring DNA strand breaks in individual cells. It is widely used in environmental 
toxicology, cancer research and radiation biology to assess DNA damage 
(Nandhakumar et al. 2011). Control (Fig. 55ai) and aggregated Con A (Fig. 55aii) 
treated cells induce the radial diffusion from the nucleus of single-stranded DNA 
fragments and generates, upon incubation with ethidium bromide, a fluorescent image 
similar to a halo concentric to the nuclear remnants. Damaged DNA migrates during 
electrophoresis from nucleus towards anode, forming a shape of a "comet" with a 
head (cell nucleus with intact DNA) and a tail (relaxed and broken DNA). Here, 
comet showed slightly broadened appearance thereby indicating no damage to DNA 
(Fig. 55). 
The kinetics of Con A unfolding induced by interaction with ZnO-NPs show a 
conformational change at both secondary and tertiary structure levels. On the basis of 
the spectroscopic evidence that there are changes in the conformation of Con A 
induced by the ZnO-NPs indicating that the protein gets partially unfolded upon 
interaction with ZnO-NPs. The partially unfolded proteins might interact with other 
proteins in solution, seeding frirther protein aggregation. Moreover, misfolded Con A 
in solution formed due to an interaction with the proteins on the aggregate surface 
could also serve as nucleation sites for the formation of the aggregates. Another 
possible scenario may be that the small protein aggregates desorb from the ZnO-NPs 
surface and subsequently seed further protein aggregation (Fig. 56). 
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Fig. 56. Diagrammatic representation of pathway involved in Con A aggregation in 
presence of ZnO-NPs. 
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Summary 
Genes encode proteins by providing a sequence of nucleotides that is 
translated into a sequence of amino acids. The sequence of amino acids is known as 
the primary structure of the protein. However, in order to function correctly, this 
amino acid chain must fold up into a complex three-dimensional shape. Protein 
folding involves the formation of local structural motifs such as helices and sheets 
(secondary structures) and the coalescence of these individual structures into an 
overall three-dimensional configuration (tertiary structure). Protein structure is 
essential for correct function because it allows molecular recognition. For example, 
enzymes are proteins that catalyse biochemical reactions. The flinction of an enzyme 
relies on the structure of its active site, a cavity in the protein with a shape and size 
that enable it to fit the intended substrate very snugly. It also has the correct chemical 
properties to bind the substrate efficiently. The active site also contains certain amino 
acids that are involved in the chemical reaction catalysed by the enzyme. 
The folding of proteins into their compact three-dimensional structures is the 
most fundamental and universal example of biological self-assembly; understanding 
this complex process will therefore provide a unique insight into the way in which 
evolutionary selection has influenced the properties of a molecular system for 
functional advantage. Once regarded as a grand challenge, protein folding has seen 
much progress in recent years. Protein folding pathways are of j^eat interest not only 
in themselves, but also because understanding them is important for both protein 
structure predictions and for de novo protein design. Protein misfolding is a 
ubiquitous phenomenon associated with a wide range of diseases. Aggregation of 
misfolded proteins that escape the cellular quality-control mechanisms is a common 
feature of a wide range of highly debilitating and increasingly prevalent diseases. To 
assess protein structural perturbations, structures are usually compared in a detailed 
way, by looking at the secondary and tertiary structures. This approach is mandatory 
because it leads to explain how modifications have changed the structure and function 
of a protein. 
Proteins are biologically active macromolecules. Serpins, which inhibit the 
serine proteinase, functions to regulate coagulation and fibrinolysis, provides a system 
to address the protein folding problem. At pH 2, ovalbumin, a non-inhibitory member 
of the serpin superfamily, retains native like secondary structure as seen by far-UV 
CD and FTIR but lacks well defined tertiary structure as seen by the fluorescence and 
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near-UV CD spectra. Addition of 20 mM Trifluoroacetic acid (TFA) or 30 mM 
Tricholoroacetic acid (TCA) on acid-induced state results in protein aggregation. This 
aggregated state possesses extensive P-sheet structure as revealed by far-UV CD and 
FTIR spectroscopy. Furthermore, the aggregates exhibit decrease ANS fluorescence 
and increased thioflavin T fluorescence. The presence of aggregates was confirmed by 
size exclusion chromatography. Such a formation of P-sheet struicture is found in the 
amyloid of a number of neurological diseases such as Alzheimer's and scrapie. 
Ovalbumin at low pH, in the presence of K2SO4 exists in partially folded state 
characterized by native-like secondary structure and tertiary folds. 
The interaction of reducing carbohydrates with proteins leads to a cascade of 
reactions that are known as glycation or Maillard reactions that results in the 
formation of advanced glycation end products. The impact of incubation with various 
sugars for four weeks on the behaviour of human serum albumin was studied by using 
CD, fluorescence, UV-Vis spectrophotometry and polyacrylamide gel electrophoresis. 
Three weeks of incubation of human serum albumin with sugars resulted in the 
formation of an intermediate state with negative CD peaks at 222 and 208 nm 
characteristic of a-helix. The form also retained tertiary contacts but with altered 
tryptophan environment and high ANS binding indicative of molten globule state. 
Further incubation of human serum albumin for four weeks resulted in the formation 
of an intermediate form with negative CD peak at 217 imi, characteristic of p-sheet, 
decreased ANS fluorescence and increased thioflavin T fluorescence characteristic of 
an aggregated state. Prolonged exposure of human serum albumiin to reducing sugars 
thus exerts deleterious effects on its structure and results in the formation of 
aggregates. 
Glycation has several pathological effects on human body. It leads to several 
diseases such as renal failure, diabetic nephropathy, retinopathy etc. as well as 
damages to non-structural proteins such as enzymes and serum proteins. Various 
proteins such as collagen, myelin basic protein, lens crystallin, LDL as well as 
hemoglobin become glycated in diabetes. The effect of nonenzymatic glycation on the 
structural changes of GOD was studied. This study investigates the effect of pentose 
sugars (ribose and arabinose) on the structural and chemical modifications in glucose 
oxidase (GOD) as well as genotoxic potential of this modified form. An intermediate 
state of GOD was observed on day 12 of incubation having CD minima peaks at 222 
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and 208 nm, characteristic of a-helix and a few tertiary contacts with ahered 
tryptophan environment and high ANS binding. All these features indicate the 
existence of molten globule state of the GOD with ribose and arabinose at day 12. 
GOD at day 15 of incubation forms P structures as revealed by CD and FTIR which 
may be due to its aggregation. Furthermore, GOD at day 15 showed a remarkable 
increase in Thioflavin T fluorescence at 485 nm. Comet assay of lymphocytes and 
plasmid nicking assay in presence of glycated GOD shows DNA damage which 
confirmed the genotoxicity of advance glycated end products. Hence, our study 
suggests that glycated GOD results in the formation of aggregates, and the advanced 
glycated end products, which are genotoxic in nature. 
It is a universal rule of materials in biology that a material is always covered 
by proteins immediately upon contact with a physiological environment and this 
phenomenon will also be a key to understanding much of the bionanoscience world. 
The importance of the adsorbed protein layer in mediating interactions with living 
systems has been slower to emerge in the case of nanoparticles;-protein interactions. 
The importance of the detailed structure of the adsorbed protein has not yet been 
widely appreciated in the nanotoxicology, despite the fact that this is the primary 
surface in contact with cells. Concanavalin A (Con A) was immobilized on the 
surface of hexagonal zinc oxide (ZnO) nanoparticles. Atomic force microscopy, X-ray 
diffraction and scanning electron microscopy, showed clear binciing of Con A on the 
surface of ZnO nanoparticles. The linking of amino groups of Con A with ZnO 
nanoparticles was further confirmed by fourier transform infi^ ared spectroscopy. pH 
dependence studies by fluorimetry showed visible changes in Con A coated on 
nanoparticles in contrast to native Con A. The Con A coated ZnO nanoparticles did 
not cause any significant damage to whole cell DNA or plasmid DNA. Interestingly, 
Con A coated nanoparticles retained the agglutination activity that is indicative of 
their potential application in detection of neoplastic and virus transformed cells. 
The ability of nanoparticles to influence protein folding and aggregation is 
interesting, not only because of the potential beneficial applications, but also the 
potential risks to human health and the environment. The interactions of Con A with 
ZnO nanoparticles were investigated by using fluorescence, fourier transform infrared 
spectroscopy and circular dichroism (CD) techniques. ANS fluorescence and CD 
spectroscopy authenticated the formation of molten globule state of unadsorbed Con 
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A after its incubation with ZnO nanoparticles for 36 hr. Further incubation of 48 hr 
resulted in the aggregation of unadsorbed Con A, proved by decrease in ANS 
fluorescence while an increase in thioflavin T fluorescence, characteristic of an 
aggregated state. Moreover, Fourier transform-infrared spectroscopy confirmed the 
aggregation of unadsorbed Con A. The aggregated products were negligible genotoxic 
as analyzed by pUC19 plasmid degradation and comet assay. It is clear that ZnO 
nanoparticles morphology affect unadsorbed proteins structure. A better 
understanding of these differences will be essential to engineer fully functional 
nanobioconjugates and nanoparticles which do not damage the proteins present in the 
biological system. 
This thesis is used for developing understanding of misfolding and 
aggregation to find effective strategies for combating these increasingly common and 
highly debilitating protein misfolding diseases. An understanding of protein folding is 
important for the analysis of many events involved in cellular regulation, the design of 
proteins with novel functions, utilization of sequence information from the various 
genome projects and the development of novel therapeutic strategies for treating or 
preventing debilitating human diseases that are associated with the failure of proteins 
to fold correctly. The fundamental principles of protein folding have practical 
applications in the exploitation of advances in genomic research. This study helps in 
understanding of protein aggregation in vitro that presents several challenges that 
remain to be addressed and several fundamental questions about structural 
determinants of aggregates and toxicity and the mechanisms of aggregate-induced 
toxicity. 
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Abstract At pH 2, ovalbumin retains native-like sec-
ondary structure as seen by far-UV CD and FTIR, but lacks 
well-defined tertiary structure as seen by the fluorescence 
and near-UV CD spectra. Addition of 20 mM Trifluoro-
acetic acid (TFA) or 30 mM Trichloroacetic acid (TCA) on 
acid-induced state results in protein aggregation. This 
aggregated state possesses extensive ^-sheet structure as 
revealed by far-UV CD and FTIR spectroscopy. Further-
more, the aggregates exhibit decreased ANS fluorescence 
and increased thioflavin T fluorescence. The presence of 
aggregates was confirmed by size exclusion chromatogra-
phy. Such a formation of /?-sheet structure is found in the 
amyloid of a number of neurological diseases such as 
Alzheimer's and scrapie. Ovalbumin at low pH, in the 
presence of K2SO4, exists in partially folded state charac-
terized by native-like secondary structure and tertiary folds. 
Keywords Acid-induced unfolding • Aggregation • 
Circular dichroism • Ovalbumin • Partially folded states 
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Introduction 
The information necessary to drive a protein into its native 
three-dimensional structure under physiological conditions 
is known to be encoded within its amino acid sequence. 
The kinetics of folding depends on the characteristics of the 
cytosol, including the nature of the solvent like water, the 
concentration of salts, temperature, crowding, and molec-
ular chaperones. Most folded proteins have a hydrophobic 
core in which side chain packing stabilizes the folded state, 
and charged or polar side chains on the solvent-exposed 
surface where they interact with surrounding water mole-
cules. It is generally accepted that minimizing the number 
of hydrophobic side chains exposed to water is the prin-
cipal driving force behind the folding process [1]. 
The high cooperativity and complexity of the protein 
folding process makes the characterization of conforma-
tional transitions and equilibrium intermediate states 
extremely difficult [2, 3]. One of the main challenges of the 
'protein-folding problem' is the characterization of the 
partially folded stable intermediate states [4]. Several 
studies have shown that the amount of secondary structure 
and the compactness of the intermediate state formed in the 
folding pathway of protein are not necessarily close to those 
of the native state, but vary greatly [5, 6]. This suggests the 
formation of various intermediate states, from one close to 
the fully unfolded state to that close to the native protein 
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Abstract 
Concanavalin A (Con A) purification melhod was developed by using calcium alginate cellulose beads containing 
cobalt (II) ions. The yield of Con A obtained by calcium alginate cellulose beads containing (xjbalt (II) ions was 6.8% 
as compared to 3.65% yield obtained by Sephadex G-50 method. Purified Con A agglutinated trypsin-treated rabbit 
red blood cells. FTIR spectra showed the presence of p sheet structure of purified Con A. AFM and SEM images 
confinned the morphology of purified Con A. Con A precipitin reaction with dextran and ovalbumin was investigated 
by the UV-visible spectrophotometer. The turbidity measured for the binding of dextran and ovalbumin was 
decreased in the presence of these salts. These findings lead us to conclusion that our purification method by using 
calcium alginate cellulose beads containing cobalt (II) ions is better than the classical method of sephadex in terms of 
protein yield. 
Keywords: Concanavalin A; FTIR; AFM; SEM; calcium alginate cellulose beads. 
Abbreviations: AFM, Atomic force microscopy; SEM, Scanning electron microscopy; FTIR, Fourier transfonn 
infrared spectroscopy; SDS-PAGE, Sodium dodecyl sulfate polyacrylamide gel electrophores;is. 
Introduction 
Lectins are widely utilized as a tool in the field of 
carbohydrate biochemistry. Immobilized lectin 
columns are useful to separate the sugar 
compounds on the basis of slight structural 
differences. Con A is a lectin from jack bean, 
and it is well studied protein because of its 
molecular stmcture and much medical 
application. Con A specifically reacts with o-D-
mano and a-D-glucopyronoside residues with 
unsubstituted hydroxyl groups at C-3, C-4 and 
C-6 positions or with polysaccharides, 
glycoproteins. Con A was the first among the 
lectins to be isolated in the pure fonn (Sumner, 
1919; Sumner and Howell, 1936). Con A is 
composed of four identical protomers held 
together by polar interactions, hydrogen bonds 
and electrostatic interactions (Recke et al., 
1975; Hardman and Ainsworth, 1976; Hardman 
and Goldstein, 1977). 
Con A binds to the membrane 
glycoproteins of a variety of cell types leading to 
various biological responses such as 
mitogenesis in lymphocytes (Sharon and Lis, 
1972). Several studies have shown that cells 
transformed by RNA or DNA containing tumor 
viruses are agglutinated by Con A at the 
concentrations which fail to agglutinate non-
transfonned cells. Polymer-induced 
heteronucleation, a powerful technique that has 
been used for the discovery of two new fornis of 
Con A from the jack bean (Foroughi et al., 
2011). Prefibrillar oligomers of proteins are 
suspected to be the primary pathogenic agents 
in several neurodegenerative diseases. Con A 
can be used as model protein to study protein 
aggregation in cells (Vetri ef al., 2011). 
Carbohydrate-functionalized oligothiophene 
hybrids reveal specific binding with the model 
lectin from Canavalia enisformis (Con A) 
(Schmidefa/.,2011). 
Commercial Con A contained three 
types of protein, whicfi were separated by 
affinity chromatography on Sephadex G-50. 
When a protein is aggregated by chemical 
crosslinking inside sephadex beads of 
appropriate pore size, it gets trapped inside the 
beads. At other hand, sephadex is very 
expensive if it is used for the purification of Con 
A. During the purification of Con A by sephadex 
column, blocking of column take place but this 
problem does not exist in calcium alginate-
cellulose beads column. 
Present paper is aimed to work out an 
inexpensive and high yield procedure for the 
purification of Con A by using cobalt (II) into 
calcium alginate-cellulose beads. This 
procedure increase the protein yield compared 
to sephadex based method and in terms of cost 
cheaper than sephadex oased method. 
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Abstract The interaction of reducing carbohydrates with 
proteins leads to a cascade of reactions that are icnown as 
glycation or Maillard reactions that results in the formation of 
advanced glycation end products. We studied the impact of 
incubation with various sugars for 4 weeks on the behaviour 
of human serum albumin incubation using CD, fluorescence, 
UV-Vis spectrophotometry and polyacrylamide gel electro-
phoresis. Three weeks of incubation of human serum albumin 
with sugars resulted in the formation of an intermediate state 
with negative CD peaks at 222 and 208 nm characteristic of 
a-helix. The form also retained tertiary contacts but with 
altered tryptophan environment and high ANS binding 
indicative of molten globule state. Further incubation of 
human serum albumin for 4 weeks resulted in the formation 
of an intermediate form with negative CD peak at 217 nm, 
characteristic of jS-sheet, decreased ANS fluorescence and 
increased thioflavin T fluorescence characteristic of an 
aggregated state. Prolonged exposure of human serum albu-
min to reducing sugars thus exerts greater deleterious effects 
on its structure and formation of aggregates. 
Keywords AGEs • Aggregation • Circular dichorism • 
Fluorescence • HSA • Molten globule 
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Introduction 
The non enzymatic reactions between reducing sugars with 
amino groups of K residues of proteins is known as 
Maillard reaction. The slow multistep reactions generates a 
variety of products can also be generated in vitro by 
incubating sugars with proteins that are collectively 
described as AGEs. AGEs are also formed in vivo, espe-
cially on long lived proteins such as collagen and eye-lens 
proteins. In vivo AGEs formation contributes among others 
to the onset of diabetic complications, renal insufficiency 
(Bucala et al. 1994) and Alzheimers disease (Vitek et al. 
1994). Cellular interactions with proteins bearing AGEs 
induce several biological responses, including endocytic 
uptake and degradation, induction of cytokines and growth 
factors are linked to the development of diabetic vascular 
complications (Tseng et al. 2011). 
Studies on HSA, hemoglobin and a series of intracellular 
enzymes, proteins suggest that glycated proteins function 
differently as compared to their non glycated form (Yang 
et al. 2011). HSA functions as a carrier for a very wide 
variety of ligands ranging from metals, fatty acids, amino 
acids, hormones, metabolites like bilirubin, hemin and a 
large spectrum of therapeutic compounds. HSA is a major 
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Abstract 
Sulphur is a part of every living cell and is a constituent of two of the 21 amino adds which form proteins. Of all 
the maaonutrients, sulphur is perhaps the nutrient which has attracted the most attention in soil science and 
plant nutrition due to its potential defensive characteristics to pests, good nutritive potentiality to crops and its 
relative immobility in the soil-plant system. The benefits from sulphur fertilisation of crops can be traced to its role 
in protein development, to improvement of nitrogen use, etc. However, the availability of sulphur needed for 
profitable crop production continues to decline. This review highlights the prominent role of microbes in sulphur 
availability to aop plants as well as includes the mechanism of its uptake, translocsition and assimilation. 
Moreover, it provides new insights leading us to revisit the hypothesis of sulphur signifiaance in pulse cropping 
and regulatory mechanisms in sulphur assimilation. 
Keywords: Pyrite; ATP; sulphurylase; 5-adenyl-sulphate; phytochelatine; glutathione; Rhizobium; Thiobacillus; 
pulse; chemical oxidation. 
Abbreviations: H2SO4, Sulphuric acid; BGA Blue green algae; APS, Adenosine-5-phosphosulfate; OAS; 0-
acetyl-serine; Ser, Serine; Cys, Cysteine; SAM, S-adenosyl-methionine; PAPS, 3-Phospho-adenosine-5-
phosphate. 
Introduction 
Sulphur represents the ninth and least 
abundant essential macronutrient in plants, 
preceded by C, O, H, N, K, Ca, Mg and P. The 
dry matter of sulphur in plants is only about 
one-fifteen of that of nitrogen. Both sulphur 
and nitrogen absorption from soil through roots 
is necessary to be assimilated into organic 
metabolites. Sulphur plays various critical roles 
in catalytic or electrochemical function of 
biomolecules in the cells (Saito, 2004). Among 
the macronutrient N, K, Ca are non toxic to an 
extent at low to moderate concentrations while 
P and S seems to be more or less toxic to 
plants at higher concentration (Table 1 and 2) 
(Goldbold and Huttermann, 1985; Niess, 
1999). 
Recently observed lower sulphur 
emission to the atmosphere decreased the 
amount of sulphur in soil and caused worse 
sulphur nutrition of crop plant. It has long been 
knovm that in regions where sulphur deficient 
soil occur, legumes specially pulses are 
particulariy responsive to sulphur containing 
fertilizers and that elementary sulphur or 
sulphates increase the percentage nitrogen as 
well as yield on such deficient soils. However, 
until 15 years ago there was little concern for 
sulphur deficiency, even though the ability of 
soil to retain and to release sulphur to crops is 
small and the input of high analysis through 
sulphur containing fertilizers increased and the 
SO2 emission from industrial sources were 
reduced. Now areas of sulphur deficiency are 
becoming widespread throughout the world 
(Irwin et al., 2002; Scherer, 2001). Sulphur is 
one of the limiting plant nutrients threatening 
the sustainability of crop production in semi 
arid tropical regions of India cover 73 million 
ha of vertisols and associated soils (Kanwar, 
1988; Rao and Ganeshamurthy, 1994). 
Sulphur as a fertilizer or as a constituent of 
other fertilizers is generally not applied by 
farmers. As a result, large areas of S 
deficiency are reported from this agro-
ecological region (Ganeshmurthy and Saha, 
1999). 
Understanding the role of sulphur in 
pulses growth is important from the point of 
view that the deficiency of the sulphur 
containing amino acids cysteine, cystine and 
methionine may limit the nutritional value of 
food and feed (Sexton et al., 1998). Studies 
with medicagoativa indicate that with 
suboptimum sulphur supply, the mole percent 
of both amino acids significantly decreased 
(DeBoer and Duka, 1982), resulting in lower 
protein concentration (Flendig et al., 1976), 
while non-protein N is accumulated. Also in 
Pisum sativum, sulphur deficiency resulted in a 
decreased synthesis of sulphur- containing 
storage protein albumin and legumin. 
However, according to Sexton et al. (1998) the 
protein quality of glycine max can be 
enhanced by increasing the concentration of 
sulphur-containing amino acids. 
Sulphur is found in amino acids (Cys 
and Met), oligopeptides (glutathione and 
phytochelatins), vitamins and cofactors (biotin, 
thiamine, CoA and S-adenosyl-Met), and a 
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Abstract This study investigates the effect of pentose 
sugars (ribose and arabinose) on the structural and chemical 
modifications in glucose oxidase (GOD) as well as geno-
toxic potential of this modified form. An intermediate state 
of GOD was observed on day 12 of incubation having CD 
minima peaks at 222 and 208 nm, characteristic of a-helix 
and a few tertiary contacts with altered tryptophan envi-
ronment and high ANS binding. All these features indicate 
the existence of molten globule state of the GOD with ribose 
and arabinose on day 12. GOD on day 15 of incubation 
forms fi structures as revealed by CD and FTIR which may 
be due to its aggregation. Furthermore, GOD on day 15 
showed a remarkable increase in Thioflavin T fluorescence 
at 485 nm. Comet assay of lymphocytes and plasmid nick-
ing assay in presence of glycated GOD show DNA damage 
which confirmed the genotoxicity of advance glycated end 
products. Hence, our study suggests that glycated GOD 
results in the formation of aggregates and the advanced 
glycated end products, which are genotoxic in nature. 
Keywords AGEs • Aggregation • CD • Comet assay • 
Fluorescence • Molten globule • Plasmid nicking assay 
Introduction 
Over the past few years, there has been a growing interest 
on the effect of reducing sugars on protein structural 
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properties (Corzo-Martinez et al. 2010). The non-enzy-
matic interaction between reducing sugars with amino 
groups of the lysine residues in proteins is generally known 
as Maillard reaction and it is considered to be extremely 
important in food science (Myung-Chan et al. 2010). Pro-
tein crosslinking by glycation results in the formation of 
detergent insoluble and protease-resistant aggregates (Usha 
et al. 2010). The interaction comprises a complex network 
of reactions that results into the formation of both large 
protein aggregates and low-molecular-weight products that 
are believed to impart the various flavour, aroma and col-
our characteristics found in foods. Globule-like protein 
aggregations (pro-amyloid fibrils) have been documented 
to be toxic to neurons (Sanghera et al. 2008). Aggregation 
and/or glycation may seriously affect protein structure, 
function and stability. 
The formation of molten globule-like state has been 
reported during progression of glycation reaction in vitro 
(Chen et al. 2010). The final step consists of crosslink 
formation between products in which heterogeneous 
structures called advanced glycation end products (AGEs) 
(Brouwers et al. 2011) are formed. Subsequent reactions 
(e.g., dehydration, oxidation, condensation) result in the 
irreversible formation of a heterogenous group of com-
pound (Schleicher et al. 2001). AGEs were found to induce 
DNA damage in pig kidney cells (Stopper et al. 2003). 
Also report on the non-enzymatic reaction of glucose in 
Alzheimer's disease, to form AGEs on long-lived protein 
deposits, which induce oxidative stress and subsequently 
disturb glucose metabolism has been established (Munch 
et al. 1998). Glycation alters the biological activity of 
proteins and their degradation processes. However, the 
characteristics and cytotoxicity of molten globule-like 
protein states induced by glycation have not been clarified 
yet. Hence, we are the first one to report that glycation of 
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Abstract 
In ail natural habitats, plants are surrounded by an enormous number of potential enemies (biotic) and various 
kinds of abiotic environmental stress. Nearly all ecosystems contain a wide variety of bacteria, viruses, fungi, 
nematodes, mites, insects, mammals and other herbivorous animals, greatly responsible for heavy reduction in 
crop productivity. By their nature, plants protect themselves by producing some compouniJs called as secondary 
metabolites. Secondary metabolites, including terpenes, phenolics and nitrogen (N) and sulphur (S) containing 
compounds, defend plants against a variety of herbivores and pathogenic microorganisms as well as various 
kinds of abiotic stresses. This review presents an overview about some of the mechanisms by which plants 
protect themselves against herbivory, pathogenic microbes and various abiotic stresses as well as specific plant 
responses to pathogen attack, the genetic control of host-pathogen interactions. 
Keywords: Secondary metabolites; defense mechanism; phytoalexins; terpenes; alkaloids; phenolics; cynogenic 
glucosides. 
Abbreviations: GST, glucosinolate synthase transferase; SIR, systematic induced resistance; GSL, 
glucosinolates; GSH, glutathione; HCN, hydrogen cyanide. 
Introduction 
In natural systems, plants face a plethora of 
antagonists and thus posses a myriad of 
defense and have evolved multiple defense 
mechanisms by which they are able to cope 
with various kinds of biotic and abiotic stress 
(Ballhorn et al., 2009). The most significant 
biotic and abiotic and man-made stress factors 
are summarized in figure 1. Generally, it is 
difficult to assign a change in the physiology of 
metabolism of the crop to a specific stress 
factor as normally a complex variety of various 
stress factors affects the plant simultaneously. 
However, there are inter-connections that exist 
between distinct and opposing signaling 
response pathways for defense against 
pathogens and insect herbivores and there 
also appear to be multiple response pathways 
invoked, depending on the specific stress 
context (Agosta, 1996; Barbour et al., 1987; 
Bostock, 1999; Bostock et al., 2001; Hell, 
1997; Thomma et al., 1998; Vijayan et al., 
1998; Whittakerand Feeny, 1971; Kusnierczyk 
et al., 2007). Besides antimicrobial nature, 
some of which are performed and some of 
which induced by infection. There are various 
other modes of defense include the 
construction of polymeric barriers to pathogen 
penetration and the synthesis of enzymes that 
degrade pathogen cell wall (Hammond et al., 
1996). In addition, plants employ specific 
recognition and signaling systems enabling the 
rapid detection of pathogen invasion and 
initiation of vigorous defensive responses 
(Schaller et al., 1996). Once infected, some 
plants also develop immunity to subsequent 
microbial attacks (Putnam and Heisey, 1983; 
Putnam and Tang, 1986; Bernays, 1989; 
Elakovich, 1987). 
Plants produce a high diversity of 
natural products or secondary metabolites with 
a prominent function in the protection against 
predators and microbial pathogens on the 
basis of their toxic nature and repellence to 
herbivores and microbes and some of which 
also involved in defense against abiotic stress 
(e.g. UV-B exposure) and also important for 
the communication of the plants with other 
organisms (Schafer et al., 2009), and are 
insignificant for growth and developmental 
processes (Rosenthal ef al., 1991). There are 
three major groups of secondary metabolites 
viz terpenes, phenolics and N and 8 
containing compounds. Terpenes composed of 
5-C isopentanoid units, are toxins and feeding 
deterrents to many herbivores. Phenolics 
synthesized primarily from products of the 
shikimic acid pathway, have several important 
defensive role in the plants. Members of the 
third major group i.e. N and S containing 
compounds are synthesized principally from 
common amino acids (Rosenthal ef al., 1992; 
Van Etten ef al., 2001). Recent in vitro 
experiments using plants whose secondary 
metabolites expression has been altered by 
modern molecular methods have to confirm 
their defensive roles (Mes et al., 2000; 
Mansfield, 2000). Although the situation is still 
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A Novel and Inexpensive Procedure for the Purification of 
Concanavalin a from Jack Bean {Canavalia ensiformis) Extract 
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Abstract: In this paper, we have developed a novel method for purification of concanavalin A (Con A) from 
jack bean meal involving calcium alginate cellulose beads as a physical support. On mtroducing transition metal 
ions of Ni (II) the yield was further increased upto 5.25% as compared to 3.38% as obtained by traditional 
method of Sephadex G-50. The purified lectin was identical in all aspects to Con A as revealed by presence of 
(J-sheet structure by FTIR. Its AFM and SEM images also exhibited the surface morphology of purified lectin. 
The SDS-PAGE ascertained the homogeneity of the isolated lectm. Thus, our findings lead us to conclusion 
that ourhovel method for the punfication of Con A is better in terms of cost and protein yield than the classical 
method involving Sephadex. 
Abbreviations: Con A, Concanavalin A; AFM, Atomic force microscopy; SEM, Scanning electron microscopy, 
FTIR, Fourier transform infrared spectroscopy; SDS-PAGE, Sodium dodecyl sulfate polyaciylamide gel 
electrophoresis. 
Key words: AFM • Calcium alginate cellulose beads • Concanavalm A • FTIR • SEM. 
INTRODUCTION 
Lectins constitute a group of proteins or 
glycoproteins of non-immune origin, which bind 
reversibly to carbohydrates and usually agglutinate cells 
or precipitate polysacchandes and glycoconjugates [1]. 
The lectins were redefined by Peumans and Van Damme 
[2] as proteins possessing at least one non-catalytic 
domain, which binds reversibly to a specific mono or 
oligosaccharide. However, according to Cummings [3], 
antibodies and proteins with enzymatic activity related to 
carbohydrates cannot be considered as lectins. As a 
consequence of their chemical properties, they have 
become a useful tool m several fields of biological 
research (immunology, cell biology, membrane structure, 
cancer research and genetic engineermg). Lectins are 
present in a wide range of organisms from bacteria to 
ammals, being present in all classes and families, although 
not m all die kinds and species [4]. Lectin-carbohydrate 
complex usually involves hydrogen bonds, vander waals 
forces and hydrophobic interactions. Con A was the first 
among the lectins to be isolated in ttie pure foim [5, 6]. Its 
occurrence in high concentration in the jack bean 
{Canavalia ensiformis), ease of purification and ability to 
bind glucose and marmose, which widely occur in natural 
glycoconjugates. Hence, it accounts for the attention 
received by the lectin. Con A is composed of four 
identical protomers, held togetlier by polar interactions, 
hydrogen bonds and electrostatic interactions [7-9]. Each 
protomer contains one sacchai^ ide binding site which 
appears to react with only one saccharide residue of di-
and tri-saccharides [10,11]. 
One of the most investigated biological properties of 
con A is its ceil agglutinating ability and interaction with 
glycoproteins as well as glycolipids. Several studies have 
shown that cells transformed by RNA or DNA containing 
tumor viruses are agglutinated by Con A at the 
concenfrations which fail to agglutinate non-transformed 
cells. Con A chromatography is suitable for baculovirus 
purification and may be used for purification of the 
viruses contain surface glycoproteins. The 
chromatography that harnesses the possible affinity 
interaction between gp64 and con A has been used for 
smiple and effective baculovuris punfication [12]. Another 
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